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DICTIONAKY OF APPLIED PHYSICS 


ABBfi AUTOOOLLIMATING EYEPIECE— ALOIS SPHEROMETER 

A 


AbbjS: Autocollimatino- Eyepiece. Soo 
“ Goniomotry,” § (1). 

Abbj6 Refbactometer : an instrument for 
the rapid determination of refractive in- 
dices, j)rincipally of liquids. Soo “ Speotro- 
scopoa and Ilefraotomoters,” § (14). 

ABBii Spiierometer. See “ Sphoromotry,” 

§ (JJ). 

Abb^i Theory of Miorosoopio Vision. See 
“ Microscope, Oiitics of the," § (23). 

Abba’s Autocollimatino Spectroscope: a 
spectroscope for the determination of re- 
fractive indices of solids requiring the use 
of a minimum of material. See “ Speotro- 
acopoa and llefractomotors,” § (12). 

AbbI^/s Oryhtal Refractometer: an instru- 
ment primarily intended for the meaauro- 
ineiit of refractive indices of crystals, but 
suitable also for other substances. Soo 
“ Spoctr(>H(M)p(^H and llefractomctoi's,” § (15). 

Abb/Ij’s Method of adjitsttno Ranoe- 
FiNDERH. Soo “ Raiigofindor, Shoi't-baso,” 

§(U). 

Aberration, Spiierioal, stated by Lord Ray- 
l(4gh to 1)(^ uniinj)ortant when it nowhere 
<^X(iec<lH a small fraction of the wavo- 
Ic'iigth. See “ Optical Parts, The Working 

of/’ 8 (:i). 

Gemmil Tlu'ory of, for Lonses. See “ Op- 
tical (ialculations,” §§ (8), (21), (22); also 
“.Lens Systems, Aberrations of,” § (5) (iv.). 

Aberration of Camera Lenses, Sphrhkjal 
AND Chromatio. Soo “ (iamora Lenses, 
Testing of,” §§ (2), (3), and (11). 
Aberration of Lenses. S(^o “Optical Oal- 
c.ulations,*’ § (8) ; also “ Tedesoopo,” § (3) ; 
“ Lons Systems, Aberrations of,” § (5) ; also 
“Photographic Lemse^s,” § (8). 

Aberrations, MKASiruEMENT of. vSee ** Ob- 
jectives, Testing of C^>mpoun(l,” § (3). 
Hartmann's method. See ibid, § (3) (in.). 

VOL. IV 


Microscope method. Soo ibid. § (3) (i.). 
Shadow method. Soo ibid. § (3) (ii.). 
Aberrations of Oblique Pencils in Micro- 
scope Systems. See “Microscope, Optics 
of the,” § (19). 

Aberrations of Telescopes, Practical 
Treatment of. Soo “ Telescope,” § (4). 
Von SoidePs Five Aberrations. See ibid, 
§(3). 

Abrasion, Characteristic Features of. 
Soo “ Optical Parts, The Working of,” § (5). 

Absorption Coeffioients of X-rays. See 
“ Radiology,” § (17). 

Accommodation ; the process by which the 
eye adapts its focus to varying distances. 
Soo “ Eye,” § (20). 

Achromatism of Telescope Lenses. Soo 
“ ToloHcope,” § (0). 

Acoustics, Architectural : Jaeger’s Treat- 
ment. Soo “ Sound,” § (22) (hi.). 
Marago’s Work on halls in Paris. See 
ibid. § (22) (i.). 

Sabine’s Work. Soo ibid. § (22) (i.). 
Watson’s Investigations. Soo ibid. § (22) 
(iv.). 

Active Deposit ; a term used in radio- 
activity to denote the deposit of active 
matter on the surface of bodies which have 
boon exposed for some time to tho emana- 
tions from radio -elomonts, Soo “ Radio- 
activity,” § (18). 

Acuity, Visual, tho cloamoss with which 
tho oyo can soo detail. Soo “ Eye,” § (28). 

Adaptation, Dark : tho highly sensitive 
condition of tho eye when kept in darkness 
for some time. Soo “ Eye,” § (15). 

Air, Dust-free, Experimental Observation 
OF SoATTERiNO OF LiOHT BY. Soo “ Scatter- 
ing of Light by Gases, etc.,” § (3). 

Aldis Spiierometer. Soo “Sphoromotry,” 

§ W, 

E B 
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ALGEBRAIC METHODS— AZIMUTH, DETERMINATION OF 


Algebraic Methods applied to the tracing of 
rays through a series of coaxial spherical 
refracting surfaces. See “ Optical Calcula- 
tions,” § (2). 

Alidade or Sight-rttlb, The. See “ Survey- 
ing and Surveying Instruments,” § (18). 

Alkalutb Carbonates, Action on Glass. 
See “ Glass, Chemical Decomposition of,” 
§ (2) (iv.). 

Alkalis used in Glass Manufacture. See 
“ Glass,” § (5). 

Alternating Current, Effect of, on Lifb- 
OF Electric Lamps. See “ Photometry and 
Illumination,” § (92). 

Alumina, Use of, in Glass Manufacture. 
See “ Glass,” § (10). 

Alumina in Glass, presence renders it resistant 
to water attack. See “ Glass, Chemical 
Decomposition of,” § (1). 

Amplitude, Minimum Audible, of a sound. 
See “ Sound.” § (57) (iv.). 

Angle of Beam projected by practically 
useful searchlights for long-range work. 
See “ Projection Apparatus,” § (8). 

Angles (of Prisms), Measurement of. See 
“ Goniometry.” 

Angstrom: publisher, in 1808, of a map of 
the Normal Solar Spectrum, in which the 
wave-length measurements were expressed 
in ten-miUionths of a millimetre. This 
unit of length, 1 x 10~^° metre, the “ Ang- 
strom Unit,” is now almost universally 
used in measurements of the wave-length 
of light. See “Wave-lengths, The Measure- 
ment of,” § (1). 

Aperture of Stops, Effective. See “ Camera 
Lenses, Testing of,” § (8). 

Aplanatio Refraction: refraction by an 
optical surface under such conditions that 
spherical aberration is completely absent. 
See “ Microscope, Optics of the,” § (6). 
Used by Abb6 to imply absence of both 
spherical aberration and coma. See 
“Optical Calculations,” § (11). 

Aqueous Humour, one of the fluids contained 
in the eyeball. See “ Eye,” § (2). 

Arc, Duddell’s Speaking, as sound repro- 
ducer. See “ Sound,” § (58) 

Arsenic, Use of, in Glass Manufacture 
See “ Glass,” § (13). 

Artificial Horizon. See “ Navigation and 
Navigational Instruments,” § (22). 
Difficulties in use on board ship. See 
ibid. §§ (6), (21). 

Astigmatism (of eye). See “ Eye,” § (25). 

One of the aberrations from which th© 
performances of an optical instrument 


may suffer. See “ Telescope,” § (3) ; 
“Lenses, Theory of Simple,” § (11). 
Measurement of, in camera lenses. See 
“ Camera Lenses, Testing of,” § (6). 

Astronomical Methods, used in navigation. 
See “ Navigation and Navigational Instru- 
ments,” § (3). 

Atmospheric Absorption of Light. See 
“ Photometry and Illumination,” § (117). 

Atmospheric Dust, Effect on Glass Sur- 
faces. See “ Glass, Chemical Decomposi- 
tion of,” § (1). 

Atomic Diameters, Law of : a law, deduced 
by Prof. W. L. Bragg, which states that 
the atoms of each chemical element possess 
the same diameter in all the compounds 
yet studied by X-ray analyses, these 
diameters being related in a manner similar 
to the relations of their atomic volumes. 
See “ Crystallography,” § (18). 

Aubbrt and Forster, constructors in 184-7 
of a perimeter upon which most of the 
subsequent instruments have been based. 
See “ Ophthalmic Optical Apparatus,” § (5). 

Audition, Limits of. See “ Sound,” § (57) 
(in.). 

Autooollimatino Eyepiece : an eyepiece 
with which is associated a device for throwing 
light on the cross-linos in such a way that 
if the telescope is placed normal to a plane 
reflecting surface a reflected imago of the 
cross-lines will bo seen in the field of view. 
See “ Goniometry,” § (1). 

Automobile Headlights, Photometry of. 
See “ Photometry and Illumination,” § (113). 

Average Candle-power. Synonymous with 
Mean Spherical Candle-power. See “ Photo- 
metry and Illumination,” § (2) and § (42) 
ei seq. 

Average Life of an Atom, Period of : a 
term used in Radioactivity to denote 
the sum of the separate periods of future 
existence of aU the individual atoms divided 
by the number in existence at the starfing- 
point, any instant of time being taken as 
the starting-point. See “ Radioactivity,” 
§( 8 ). 

Axis, Optic, of a Crystal .* a direction in 
the crystal such that light waves travelling 
along it are not doubly refracted. See 
“ Light, Double Refraction of.” 

Axis of Single Ray Velocity of a Crystal : 
the lino joining the centre of Fresners 
ellipsoid to the point of intersection of the 
circular and elliptic principal sections of 
the wave surface. See “ Light, Double Rc^- 
fraction of.” 

Azimuth, Determination of. See “ Survey- 
ing and Surveying Instruments,” § (28). 
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Azimuth Mirror, for uso at sea. Soo 
“ Navigation and Navigational Instru- 
ments,” § (23). 

a-Pai-ticlo, charge carried by. See “Radio- 
-activity,” § (11) (vi.). 

Nature of ; a helium atom carrying two unit 
positive charges. See ibid. § (11) (vii.). 
Ratio of Charge to Mass of, determined by 
measuring the deflections produced re- 
spectively in a magnetic and in an electric 
held. Soo ibid. § (11) (v.). 


a-Partioles, counting of, by [a) the scintillation 
method, and (6) the electrical method. 
See “ Radioactivity,” § (11) (iv.). 

Tracks of, made visible by the expansion 
method due to C. T. R. Wilson. See ibid. 
§ (11) (iii.). 

a-Rays, action of, on Photographic Films. See 
“ Radioactivity,” § (16). 

Range of. See ibid. § (11) (i.). 

Stopping Power of Metal Foils for. See ibid. 

§ (11) (ii.)- 


B 


Babtnbt’s (Compensator: an instrument for 
tlctermining the constants of an elliptioally 
polarised beam. See “ Polarised Light and 
its Aj)plicati()ns,” § (15) (iii.). 

Balltstki DepliBCtion of Gyro Compass. 

“ Navigation and Navigational Instill- 
ments,” § (15). 

BalIjIstio Tilt of Gyro Compass. Soo 
“ Navigation and Navigational Instru- 
ments.” § (15). 

Balmrr Series ; a series of linos in the 
spectrum of liydrogcn, the frequencies of 
whi(!h wore noticed by Balmor in 1882 to 
follow the law j/!=N( 1/22 - l/a^), whore N is 
a (sonstant and n has integral values greater 
than 2. This can bo deduced os a oonse- 
(numce of the quantum theory. See 
Quantum Theory,” § (7). 

Bai^mbr’s Formula : the first successful 
repn^Hcntation of a series of linos in a 
spectrum, whi(5h reproBonts, to a high 
(b'grco of acmiracy, the chief Horios of linoH 
ill the spectrum of liydrogcn, by the formula 

i}ii2 

m-* - 4 

where m takes a scri<^s of integral values 3, 4, 
5, (^tc. See “ Spectroscopy, Modern,” § (10) 

(i.). 

Bar, I<'itBB-FRBB : (^alcm^at^on of froquoncioB 
of vibration of. See “ Sound,” § (52) 
(viii.). 

Barium, ITsb ok, tn Clash Manufacture. Soo 
“ (dasH,” § (7). 

Barr and Stroud irKioiiTEiNDER, anti- 
ainu’aft. Sei^ “ Rangefinder, Short-base,” 
§ («). 

Barr and Stroud Ranoeitinder. Soo 
“ Rangofindtw, Short-base,” § (6). 

Barr and Stroud’s Method of adjusting 
Ranoekinderh. See “ Rangefinder, Short- 
base,” § (14). 

Bars and Titres, Lateral Vibrations ok, 
UHc^d in orchestras under the name of 
glockempicl Soo “ Sound,” § (48). 


Base Measurement in the Nineteenth 
Century. See “Surveying and Surveying 
Instruments,” § (40). 

Base Measurements, Modern, by the Ameri- 
can “ Duplex ” bar apparatus. See “ Sur- 
veying and Surveying Instruments,” § (41) 
(i.). 

Base-line Measurement, General. See 
“ Surveying and Surveying Instruments,” 
§ (38). 

Bassoon : a wind instrument played with a 
small double-cone reed and having a conical 
tube. See “ Sound,” § (35). 

Bates and Jaokson, investigation of rotation 
by sugar of plane of polarisation of light. 
Soo “ Sacoharimetry,” § (5). 

Bates’s Saooharimeter : an instrument in 
which the adjustment of the analyser is 
automatically made as the half shadow 
angln is varied by rotating the whole 
Lippich prism of the polariser. See 
“ Saccharimotry,” § (3). 

Correction required for loss of light by 
absorption and reflection at the half 
Lippich, calculated by Wright and 
tabulated. See ibid. § (3). 

Beohstein Photometer: a form of flicker 
photometer. Soo “ Photometry and Illu- 
mination,” § (97). 

Bell, Vibrations of a. See “ Sound,” 
§ (50). 

Bellingham and Stanley’s Polarimeter. 
See “ Polarimetry,” § (12) (ii.), § (13) 
(ii.). 

Bench, Optical : an apparatus for examining 
the chief charaoteristios of a simple spherical 
lens. See “ Lenses, The Testing of Simple.” 

Bench, Photometer. See “ Photometry and 
Illumination,” § (19). 

Bench Marks of the Ordnance Survey. 
Soo “ Surveying and Surveying Instru- 
ments,” § (34). 

Biaxial Crystal : a crystal having two 
optic axes. See “ Polarised Light and its 
Applications,” §§ (5), (6), and (18). 
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BIPRISM, FRESNEL’S— CAMERA, AERIAL 


Bipbism, Feesnel’s : an experimental ar- 
rangement for the production of interference 
fringes, using refraction through a biprism 
to form two adjacent virtual images of a 
source of light. See “ Light, Interference 
of.” § (4) (iv.). 

Biqtjaetz : the name given to a device for 
measuring the rotation of the plane of 
polarisation of light by a substance ; the 
device consists of two semicircular discs of 
quartz, 3*75 mm. thick, between parallel 
nicols, one half being right-handed quartz 
and the other left-handed quartz. See 
“ Polarimetry,” § (2). 

Black Bodies and Radiation. See “ Radia- 
tion Theory,” § (4). 

Block’s Method op oaloulatino Averaob 
Illumination. See “ Photometry and Illu- 
mination,” § (70). 

Blondbl’s Photometer: a photometer for 
the determination of average candle-power. 
See “ Photometry and Illumination,” § (43). 

“ Boiling ” Tube : an X-ray “ gas ” tube 
in which the anticathode is kept at a 
constant temperature by boiling water. 
See “ Radiology,” § (12). 

Bolometer ; an instrument for investigation 
of the infra-red spectrum ; the temperature 
of a very fine strip of metal is measured in 
terms of the change of its electrical resist- 
ance, the strip being heated by radiation. 
See “ Wave-lengths, The Measurement of,” 
§(7)- 

Bombardon, BBb Monster : a brass wind 
instrument with valves. See “ Sound,” 
§(44). 

Eh : a brass wind instrument with valves. 
See ihid. § (44). 

Boric Acid, tenders glass resistant to water 
attack. See “ Glass, Chemical Decomposi- 
tion of,” §§ (1) and (2). 

Boric Oxide, Use op, in Glass Manupaoture. 
See “ Glass,” § (11). 

Bosanquet’s Cycle op Fipty-three : a 
particular musical temperament which gives 
as near an approach to just intonation as 


Calibration op Range-scales op Range- 
PINDERS. See “ Rangefinder, Short-base,” 
§ (15). 

Camera, Aerial. See “ Photographic Ap- 
paratus,” § (12). 

Copying : a type of camera used for the 
photography of flat surfaces. See ibid. 
§(3). 

Field or Portable. See ibid. § (2) (i.). 

Hand : a general term for cameras devised 
especially for exposures of brief duration. 
See ibid. § (11). 


could be demanded from any instrument 
with fixed keys. See “ Sound,” § (6) (i.). 
Bougie D^ioimale: a French standard of 
light. See “ Photometry and Illumina- 
tion,” § (14). 

Brace Spectrophotometer. See “ Spectro- 
photometry,” § (12). 

Brace’s Polarimeter. See “Polarimetry,” 

§ (11) (iii.). 

Brashear’s or Sugar Method op Silvering 
Mirrors ; details of solutions and process. 
See “ Silvered Mirrors and Silvering,” 

§ (2) (ii.). 

Brass Band, Valved Instruments op. See 
“ Sound,” § (44). 

Brewster’s Law. If light be incident upon 
the surface of a transparent body in such a 
direction that the tangent of the angle of 
incidence is equal to the refractive index of 
the body, then the reflected ray is plane 
polarised. The angle of incidence is in this 
case called the polarising angle. See 
“ Polarised Light and its Applications,” 
§( 2 ). 

Brightness : used to denote the total visual 
effect of a light independently of its 
colour or purity. See “ Eye,” § (8). 
Measured by the amount of light emitted 
by a surface per unit of projected area. 
See “ Photometry and Illumination,” 
§( 2 ). 

Brownian Movement, use of ultramicroscopo 
in study of. See “ Ultramicroscopo and its 
Application,” § (2). 

Bubbles as used in Spirit Levels. Sco 
“ Spirit Levels,” §§ (2), (3). 

Bunsen (Grease-spot) Photometer: ono 
of the early forms of photometer head still 
in current use. Seo “ Photometry and 
Illumination,” § (15). 

jS-Rays, General Properties of. Seo “ Radio- 
activity,” § (13) (i.). 

Magnetic spectrum of. Seo ihid. § (13) (ii.). 
Scattering of, by matter. Seo ibid. § (13) 
(iv.). 


Panoram : a type of camera used to photo- 
graph a largo angular “ stretch ” of 
country. See ibid. § (7). 

Photographic : in essential, a chamber for 
the purpose of exposing sensitive f)latoH 
to the action of luminous images fonnod 
by optical means. Tho throe main 
classes of cameras arc (1) Stand C^amoras, 
(2) Hand Cameras, (3) Aerial Cameras, 
and these again are classified into sub- 
groups. See ibid. § (2). 

Studio. See ihid. § (2) (ii.). 
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CAMERA LENSES, THE TESTING OF 

The general problem of the testing of com- 
pound objootivos is dealt with elsewhere.^ 
The optical data that have to bo determined 
in the case of photographic objectives are, 
generally speaking, more numerous than in 
the case of telescope objectives, and special 
methods of testing camera lenses have there- 
fore been devised. 

An idea of the general performance of a 
camera Ions may bo obtained by setting up 
an object, consisting of a network of straight 
linos on a white background,^ and taking a 
photograph of it. The plate, after develop- 
ment, may then bo examined by means of a 


on ball bearings in the framework Fi- A 
clamping device CZ is provided for fixing the 
collar in any desired position. The frame- 
work can be moved along the slide Si by 
means of a rack and pinion actuated by the 
head Hi- This slide Si can be rotated about 
a vertical axis, the amount of rotation being 
measured on a scale Sci on the platform PZi, 
which can be clamped to the bar Bi at any 
convenient position. The framework F2 can 
be moved along a slide S2 by means of a rack 
and pinion actuated by the head H2, the slide 
being fixed to the platform of the framework 
Fj. A bar Bg is fitted at one end to a small 
carriage Ci which can slide along the groove 
Gr in the framework Fg. This bar is con- 



Fig. 1. 


micT()HC5opo. In this way any distortion of 
the image may be detcekKl and measured. 
The method, however, only gives a quali- 
tative idea of any want of focus that may 
be present at any part of the plate. 

A more aoemrate method is to make use 
of a specially designed lens bench, such as the 
one manufaeturecl by Mi^ssrs. R. & iT. Bock, 
Ltd. The principal features of this bench 
are illustrated in Fig. 1 , which is reproduced 
from a photograph taken from the side, looking 
down at one end at an angle of about 45 °. 
'Che various appliances for holding the lens, 
etc., slide on a stool dovetail-shaped bar Bi 
winch is supported on two stmts (one of which 
is shown at SZ) provided with levelling screws. 
The lens L is screwed into one of a series of 
adaptors hold in a collar do which revolves 

* Sco article on “ Objectivoa, The Testing of 
Compound." 

• Heo Photographio Lenses, by Conrad Beck and 
Herbert Andrews. 


strained to move along the axis of the system 
between adjustable rollers R attached to the 
platform Vl^y which can bo clamped to the 
bar Bi at any desired position. The observing 
microscope M can bo moved along the axis 
rolativo to the bracket Br^ (which is fixed to 
the bar B2), by moans of a rack and pinion 
actuated by the head H3, the motion being 
registered by a scale and vernier. A vertical 
metal plate P, having a circular hole con- 
centric with the axis of the system, is fixed 
to the small carriage Oj. When the lens holder, 
together with the framework Fg, is swung 
about the vortical axis of rotation, the plate 
remains parallel to the groove Gr and there- 
fore normal to the axis of the lens. The 
distance between the axis of rotation and 
the plate P is measured by means of a milli- 
metre scale Scg, one end of which fits into a 
bracket Brg, so that the zero of the scale is 
always opposite the axis of rotation. A 
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vernier is fixed to a small carriage O 2 which 
slides in the groove Gr, the vernier zero being 
in the plane of the left-hand surface of the 
plate P. 

The optical data of a camera lens are deter- 
mined as follows. 

§ (1) PocAL Length, — A piece of ground 
glass is held with its ground surface against 
the left-hand surface of the plate P and the 
observing microscope M is focussed on the 
ground surface. The framework Pa, carr3dng 
the microscope, is then moved along the slide 
Sa by turning the head Ha until the image of 
a distant object ^ is brought into the focal 
plane of the microscope.^ The lens holder, 
together with the framework Pg, is next 
moved along the slide Sj by turning the head 
Hi until there is no lateral displacement of 
the image when the system is rotated through 
a small angle about the vortical axis. When 
this is the case, the vertical axis passes through 
a point, called the nul point, which divides 
the distance between the nodal points into 
parts whoso ratio is equal to the lateral 
magnification. If the incident light is parallel, 
the nul point coincides with the second nodal 
point ; the focal length is then given by the 
distance between the vertical axis and the 
focal plane, its value being road olf on the 
scale Scg. When one is dealing with an object 
at a finite distance, the n\il point is the point 
at which a lino joining non -axial conjugate 
points in the object and imago pianos cuts 
the axis of the Ions. In such a case it is 
advisable to make a separate determination 
of the position of the second nodal point by 
using parallel incident light. The back focal 
length is given by the distance between the 
last surface of the lens and the plate P. 

§ (2) Spherical Aberration. — This is 
measured by placing a series of concentric 
stops in front of the aportiire of the lens and 
measuring the movement of the microsoope 
which is necessary to bring the imago into 
focus for different zones of the lens. It is 
advisable to insert a coU)ur filter between the 
microscope eyepiece and the observer’s eye 
in order to eliminate the effects of chromatic 
aberration. 

§ (3) Chromatic Aberration. — A series of 
colour filters, giving monochromatic regions 
more or loss evenly spaced throughout the 
spectrum, is placed in turn behincl the oyo- 
pioce of the microscoiic and the movements 
of the microscope necessary for bringing the 
different coloured images into focus are 

1 i(ither a sot of suitable cross-lines at the focus 
of a WGlI-correetcd collimator objective mounted on 
the axis of the system, or a series of hf)rizontal and 
vertical linos (black on white baekiiround and white 
on black background) at some considerable distance 
from the apparatus, n\ay bo used. 

“ On rotating the system about the' vortical axis 
the Jedt-hand surface of V moves in a plane which is 
c(iuivalcnt to the plate of the camera. 


measured. It is sometimes advisable to stop 
out certain zones of the lens in order to elimin- 
ate the effects of spherical aberration. 

§ (4) Coma. — A collimator, with an illumin- 
ated pinhole at its focus, is mounted on the 
axis of the system and tho imago of tho })inholo 
is examined at different angles of rotation 
about the vertical axis. The dimensions of 
the comatic figure may be measured by means 
of a scale in the focal piano of the microscope 
eyepiece. 

§ (5) Flare SPOT.—Tho same arrangement is 
used as in the previous case, and tho positions 
of flare -spot images are noted ; such images 
do not give trouble unless they are in the 
neighbourhood of the focal plane of tho lens, 

§ (6) Astigmatism and Curvature oe 
Field. — The system is rotated about tho 
vortical axis, on which tho second nodal point 
lies, through angles of 6°, 10°, etc., up to tho 
maximum semi-angle that the lens is desigut^d 
to cover, and at each angle (on cither side 
of the axis) the positions of the microscope 
are determined for best focus of horizontal 
and vertical lines. The differences botwoou 
these positions and the normal position of 
focus, that is, the focus for tho centre of tho 
field, give the distances of tho positions of 
astigmatic foci from the plate (measured along 
the rays) at different parts of the field. Tho 
moan values of tho distances of the foci for 
horizontal and vertical linos give a measure 
of tho curvature of tho field. 

§ (7) Distortion. — Tho systom is rotat(Ml 
as in the previous case, and the liorizontal 
displacement of the imago of a vortical lino 
is measured for each angle by moans of a 
horizontal graduated scale in the focal plan<i 
of tho microscope oyopioco, the nu(ToR(u>p(’> 
being kept in tho normal position. Tlie 
horizontal displacomout divided by tlu* mag- 
nification of tho microscope then givi'S th(' 
distortion in tho plane of tlio plah*. 

§ (8) Kfeeutive Apertures ok Stops. - 'rUo 
microscope is removed and a small pinliohs 
mounted in tho plane of tho plate 1% is illumin- 
ated from boliind. A piece of ground glass 
is hold against the front of tho lens mount and 
tho diameters of tho illuTuinatt«l areas, corre- 
sponding to tho different stops, measurc'd. 

§ (9) Illumination at the (Iornkuh of the 
Plate. — ^Tho same arrangement is adopti^d as 
in tho previous tost, and the boundary of the 
illuminated portion is tnw^cd on f.he ground 
glass when the system is rotattul througlx an 
angle corresponding to the semi-diameitT of 
tho plate to bo covered by tlu^ It^ns. ^riio 
area of this portion divided by tlu' anwi of thc^ 
unobsourod aperture and multiplied by 100 
and by tho fourth power * of tho cosiru* of the 

* If the vignette is measured In a T>binc normal to 
tho axis of tlic bench, tho cube of the cosine Is to 
bo used. 
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angle then gives the percentage iLluniination 
at the comers of the plate relative to that at 
the centre; the loss of light clue to ohlictue 
reflections and absorption further reduces the 
percentage illumination at the corners. 

In addition to those measurements the 
relative centering of the components of the 
lens may be tested by using a small rotino- 
soope for throwing a beam of light along the 
lens axis and examining the alignment of the 
images of the retinoscopo hole, through which 
the observer looks. The number of glass-air 
surfaces in the lens may be determined by 
counting the number of these images. The 
presence of visible defects, such as striae, 
veins, etc., in the glass of the lens may be 
detected by mounting an illuminated pinhole 
at some distance from the lens and placing 
one’s eye at the conjugate point. The apor- 


of the lens, and a series of exposures made, 
the astigmatism, curvature of field, and dis- 
tortion may similarly bo determined. An 
estimate of the amount of coma present may 
bo obtained from the degree of sharpness of 
the outer edge of the bundle of rays at the 
position of minimum breadth. 

Another photographic method, which is 
applicable to the case of camera lenses, is the 
Hartmann method, particulars of which are 
given in the article “ Objectives, The Testing 
of Compound.” 

The methods that Ixavo boon described are 
not applicable to the case of process lenses, 
since those are specially designed for near 
work. In order to tost such a lens a suitable 
object is mounted near the lens in such a way 
that it can bo moved into different positions 
in a plane at right angles to the axis of the 


s 1 
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turo of tho lens will then appear illuminated 
and any defects that may bo imosont will bo 
noticeable, ospooially if the imago of tho pin- 
hole is partially obscured by a diaphragm. 

§ (10) DmiriNrriON. — ^It is customary to de- 
termine what is tho largest stop for which tho 
definition is satisfactory over tho entire plate. 
In estimating the definition of a given lens it 
is advisable to compare with it the definition 
of a standard lens of similar dimensions. 

§ (11) Photoorapiuo Methods. — Tho 
aberrations of a camera lens may bo moasunid 
by a simple photographic- method, which is 
employed at the Roichsanstalt.*- Tho principle 
of the method is illustrated diagram itiatic, ally 
in Fi(j, 2. A slit S, illuminated by a bright 
source, such as a menuiry vapour lamp, is 
placed at the focus of a collimator objective 
0. Tlve camera lens L forms an imago of 
this slit at vS', and a photographs*. ])lato P is 
mounted at S' in such a position that it makes 
a small angle with the axis of L, the plane 
containing tho slit and tho o])tical axis being 
normal to tho plate. '’Iho plai-o can be moved 
in its own plane at right angles to tho axis of 
L, so that a series of oxi)osur(^s can ho made 
for different zones of th(^ lens and different 
wave-lengths. Th<» various ])ositi<)ns of foci arti 
then determined by finding on tho developed 
plate tho places whore tho bundles of rays 
have tjio minimum breadths. In this way the 
spherical and chromatic aberrations of the lens 
may ho determined. If the lens and tho plate 
are rotated through different angles about an 
axis passing through tlio second nodal point 

^ Zeitft . Instrummtenk ., 1016, xxxv. 104; 1016, 
xxxvi. 90 ; 1020, xl. 07. 


bench. Tho image is then examined with a 
microscope which can bo moved parallel and 
at right angles to the bench axis and also 
about a vortical axis. j a a 


Camera Shutters, Testing oe. See Shut- 
ters, Testing of Photographic.” 

Campbioll and Smith’s Method of testing 
Shutter Speeds. See “ Shutters, Testing of 
Photographic.” 

Cani)le-t»ower, tho unit of luminous power. 
See “ Photometry and Illumination,” § (2). 
Of a Source of Light. See ibid, § (2). 

(Jandle-i'ower Variation with Voltaoe and 
( Ihrrent in Keeotrtcj Lamps. See “ Photo- 
metry and Illumination,” § (2,‘l). 

Cahron Auo with spe(jtally treated 
Carbons, made to give an intrinsic bright- 
ncHs of 200, ()()() (uindloH per square inch. See 
“ Projection Aj)paratUH,” § (8). 

Caroel Lamp, a flame standard oflioially 
ado]>tod in Kraiute. See “ Photometry and 
Illumination,” § (8). 

(Urnotite, occurrences of, as ore of radium. 
See “ Radium,” g (2). 

Casoade Method of HETERoonROMATio 
Photometry. See “ Photometry and Illu- 
mination,” § (104). 

Cathode: tho negative electrode in a dis- 
charge tube or an electrolytic coll. See 
“ Radiology,” § (0). 

Cathode Rays: a stream of negatively 
charged electrons omitted with liigh 
velocity from tho cathode when an 
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electric discharge is passed in an evacuated 
tube. See “ Radiology,” § (4). 

Applied to the deposition of silver by electric 
means. See “ Silvered Mirrors and Silver- 
ing/’ § (3) (iii.)- 

The Speed of. See “ Radiology,” § (18). 

Cattstio Alkalis, Action on Glass. See 
“ Glass, Chemical Decomposition of,” § (2) 
(iii.). 

Cbntbbikg Error : a term used in the 
testing of simple lenses to denote any want 
of coincidence of the optical centre with 
the geometrical centre of the lens. See 
“ Lenses, The Testing of Simple.” 

Centre of Curvature, location of, by 
direct methods. See “ Spherometiy,” § (9). 

Changing Boxes : magazines for holding a 
number of photographic plates, used with 
small hand or aerial cameras. See “ Photo- 
graphic Apparatus,” § (5) (ii.). 

Charge on Colloidal Particles. See 
“ Ultramicroscope and its Applications,” 
§( 2 ). 

Chemical Glassware : testing under high 
pressure. See “ Glass, Chemical Decom- 
position of,” § (3) (ii.). 

Chibret, designer of a chromo-optometer, 
depending on the double refraction of light 
by quartz. See “ Ophthalmic Optical Ap- 
paratus,” § (7). 

Chromatic Aberration: a defect in the 
optical image formed by a lens or system 
of lenses in consequence of the variation 
of refractive index with the wave-length 
of light. See “Optical Calculations,” 
§ 9 ; “ Telescope,” § (9). 

Correction of, in Microscopic Obj ectivos. See 
“ Microscope, Optics of the,” §§ (13)-(16). 
Investigated by the Vogel method, provided 
the aperture is not so small that a largo 
shift of the eyepiece is necessary to detect 
a difference of focus. See “ Optical Parts, 
The Working of,” § (3) (iii.). 

Measurement of. See “ Camera Lenses, 
Testing of,” § (3). 

Of Eye. See “ Eye,” § (26). 

Theory of. See “ Optical Calculations,” 
§ (2), etc. 

Chromatic Parallax : a parallax effect due 
to the chromatic aberration of the eye. 
See “ Eye,” § (27). 

Chromatic Variation op Magnification in 
Microscopes. See “ Microscope, Optics of 
the,” § (18). 

Chromatics, the science of colour. See 
“ Spectrophotometry,” § (2). 

Chromo-optometer : a device for the ex- 
amination for colour vision and the detection 
of colour-blindness. See “ Ophthalmic Op- 
tical Apparatus,” § (7). 


Cinematograph Projector. See “ Projec- 
tion Apparatus,” § (15)., 

Circular Polarisation. See “ Polarised 
Light and its Applications.” 

Production and detection. See ibid. § (14). 
Eresnel’s explanation. See ibid. § (22). 

Clark, Alvan, details of lenses designed by. 
See “ Telescope,” § (5). 

Cloudy Glass, caused by presence of chlorides 
or sulphates in the alkali. See “ Glass, 
Chemical Decomposition of,” § (1). 

Coefficients of Deviation, in magnetic 
compass. See “ Navigation and Naviga- 
tional Instruments,” § (10) (iii.). 

CoELOSTAT : a clockwork device for directing 
the rays from the sun into a fixed telescope 
or other optical system. See “ Telescope,” 
§ (16). 

Coincidence, sensitivity of eye to. See 
“ Eye,” § (29). 

Coincidence Rangefinders. See “ Range- 
jSnder, Short-base,” § (6). 

Collimator: a telescope lens with a slit or 
other suitable object at its focus. Rays 
from each point of the object are rendered 
parallel after passing through the lens and 
the object is virtually at infinity. See 
“ Spectroscopes and Refractometers,” § (6). 

Colloid Chemistry, Use of Ultramiorosoope 
in. See “ Ultramicroscope and its Applica- 
tions,” § (1). 

Colorimetry : the specification and descrip- 
tion of colours by means of their liuo and 
saturation, or otherwise. See “ Spectro- 
photometry,” §§ (2), (3), and (4). 

Colour, Control of, in Glass Manufacture. 
See “ Glass,” § (10) (iv.). 

Colour (of light) : one factor in the sensation 
produced on the optic nerve by light. See 
“ Spectrophotometry,” §§ (2) and (3). 

Colour Box (Maxwell’s) : an apparatus for 
determining the data required to si)ocify 
colours in terms of three primary colours. 
See “ Eye,” § (10). 

Colour Geometry. Many colour problems 
can be simplified by representing colours 
by the positions of points in a geometrical 
figure of 1, 2, or 3 dimensions. This enables 
their quantitative relations to bo solved by 
graphical or geometrical methods. See 
“ Eye,” § (12). 

Colour Pyramid. See “ Colour Geometry.” 

Colour Standardisation, TEcnNOLoaiCAL 
Applications of. See “ Spectrophoto- 
metry,” § (5). 

Colour Triangle. See “ Colour Geometry.” 

Colour Vision. See “ Eye,” § (C) et aaq. 

Coloured Glass, Manufacture of. See 
“ Glass,” § (34). 
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Coma : the name given to one of the aberra- 
tions from which the performance of 
an optical instrument may suffer. See 
“ Telescope,” § (3) ; “ Optical Calcula- 
tions,” §§ (21), (22); “Lens Systems, 
Aberrations of,” § (6) (iii.). 

Measurement of. See “ Camera Lenses, 
Testing of,” § (4). 

Compass Erhors, method of determination. 
See “ Navigation and Navigational Instru- 
ments,” § (11). 

Complete Plash: a term used to denote 
that a projector has the highest possible 
efficiency, i.e. that the whole front aperture 
of the projector, as seen from a distant point, 
is so filled with light as to possess the 
“intrinsic brightness” of the source. See 
“ Projection Apparatus,” § (3). 

Concave Liperagtion Grating : a form of 
optical grating invented by Rowland in 1881 
to x)roduce a focus spectra without the use of 
a lens and so to avoid chromatic difficulties 
in focussing and limitations duo to absorp- 
tion. See “ Wave-lengths, The Measure- 
ment of,” § (2). 

Concave Grating Mounting, typo intro- 
duced by Rungo and Paschen. See “ Wave- 
lengths, The Measurement of,” § (2). 

Condenser Lens : a lens used in projection 
apparatus to bend the directions of ray 
jDaths rather than to produce images. See 
“ Projection Apparatus,” § (13). 

CONDDOTTVITY, ELECTRICAL, OF GlASS. SoO 
“ Glass,” § (30). 

Thermal, of glass, •0015-0025. See ibid, § (29). 

Conical Rberactton, External and In- 
ternal. See “ Polarised Light and its 
Applications,” § (7) (iii.). 

CoNJiTaATK Points : tlie name given to a 
point and its geometrical image. See 
“ Lenses, Theory of Simple,” § (2), etc. 
Their use in focal length measuremontH. 
See “ Objectives, Testing of Compound,” 

§ (2) (ii.). 

Constant Deviation Spectroscope. Sec 
“ Sj)cctr()scopos and Ilefraotomoters,” § (20). 

Constant Potential, of a generator of X-rays. 
Sec “ Radiology,” § (27). 

CoNSTiTTTENTs OK Glas.s, tlioir rcsistanco to 
chemical attack. See “ (jllass, Chemical 
Decomposition of,” § (2). 

Contour (of optical sui'faccH). See “ Interfero- 
meters, Technical Applications,” § (4). 

Contouring. Sec “ Surveying and Surveying 
Instruments,” § (37). 

Contrast, Visual. See “ Eye,” § (10). 

Cooke, Thomas : details of lenses designed 
by. See ” Telescope,” § (5). 


Cooke Rangefinder. Sec “ Rangefinder, 
Shoi-t-base,” § (0). 

CooLiDGE Tube, a hot-cathode X-ray tube. 
See “ Radiology,” § (13). 

“ Cords,” a Defect in Glass. See “ Striae.” 
See also “ Glass,” § (IG) (ii.). 

Cornet, Bi> : a brass wind instrument with 
valves. Sec “ Sound,” § (44). 

Crova Method of Heterochromatic Photo- 
metry. See “ Photometrv and Illumina- 
tion,” § (103). 

Crova’s Spectrophotometer. See “ Spectro- 
photometry,” § (12). 

Crystal Elements and Constructional 
Axes. See “ Crystallography,” § (4). 

Crystal Faces, Miller’s Method of distin- 
guishing ; a method of defining the relative 
positions of crj'^stal faces in which the faces 
of a crystal are treated as a series of pianos 
and any three of these, no two of which are 
parallel, arc taken as pianos of roforonco to 
which the positions of the other faces 
may bo referred. See “ Crystallography,” 
§( 3 ). 

Crystal Structure, modem work on, based 
on the fact that the structure of a crystal 
is fundamentally that of a space-lattice, 
a throe - dimensional trellis - work. See 
“ Crystallography,” § (11). 

Analysis of, by X-rays: Lane’s method, 
depending on the reflection and diffrac- 
tion of X-rays by the moloculos of a 
crystal, which are arranged on a space- 
lattice. See ibid. (14). 

Orystali.tne Lens : the lens of the eye. See 
“ Eye,” § (2). 

CRYSTALLOGRAPHY 

§ (1) Intro DUCTLON.-^The study of crystals 
can never bo a matter of iiidilToronce to the 
physicist, for Crystallography is essentially the 
Physics of Solids. The highc^r branches of 
03 )tics deal very largely with crystals, and it 
is a crystal, tourmaline or calcite, that affords 
the best moans of ^irodueing ])lano polarised 
light. Rock (‘-rystal, quarts, is the material 
of the best lenses employed by the optical 
investigator ; a train of lenses and prisms of 
rock salt crystals arc essential in the study 
of radiant heat ; and the phenomenal progress 
which has recently been made in our knowledge 
of X-rays and of the ultimate structure of 
matter — the special domain of the physicist — 
is being very materially assisted by the use of 
crystals, the moat perfectly organised form of 
solid matter. Yet the scionco of Crystallo- 
graphy has in the past been as strangely 
noglooted by physicists as by chemists, to 
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whom the subject is likewise proving of prime 
importance, and has been left in the hands 
of a very few specialists, and regarded as a 
side issue chiefly connected with Mineralogy, 
oppressed by a forbidding kind of Mathematics 


graphy so that they can never be forgotten, 
and will render the subject at once })lain and 
simple. The goniometer, of which the best 
form is shown in Fig. 1, is nothing but the 
physicist’s spectrometer, but with a small 
crystal, preferably no larger than a very small 
pea, as the object of study at the centre 
instead of the usual spectroscopic prism, and 
with a more delicate and convenient adjusting 
and centring apparatus. Also, instead of an 
ordinary parallel- jawed slit one is used which 
is expanded at its two ends, so that its imago 
reflected from a crystal face exhibits a flne 



Pia. 1 . — The Rellccting Ooiiioiuotcr in Pse. 


and by a weird nomenclature. It will be the 
task of this brief summarised account of the 
subject to dispel this illusion, and to show how 
fascinating and intrinsically valuable it really 
is to the physicist. 

Crystallography is essentially practical when 
its study is undertaken in a sensible manner. 
A few hours with a good crystal on a reflect- 
ing goniometer will bring out the chief pro- 
perties of crystals and the laws of Crystallo- 


central part for accurate adjustment to the 
vertical cross spider-lino, and broadcT ends 
which are brilliantly illuminated. It is sur- 
prising how brilliant such slit images are as 
scon in the telescope, when reflected from 
even the minutest faces, almost points, if the 
crystals are normally well developed. 

§ (2) Nature or Crystals. — The first facds 
obviously and unmistakably im})rcssed by 
such a practical investigation of a series of 
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well- dev elo 1 ) 0(1 cryatula, of the samo and of 
(liffercnit suhstancos, on the goniometer, are 
the following : 

(а) Oryatals are naturally formed solid 
poly hod ra bounded by plane faces meeting 
in straiglit edges. 

( б ) 'Xliesc faces on the best crystals are true 
planes, highly polished and affording brilliant 
and sharp reilections of the goniometer signal- 
slit. 

(c) '’.rho faces are inclined to each other at 
angles which usually display among themselves 
more or loss syinmotry, and are constant in 
value for the same substance; these parti- 
cular values are thus characteristic of the 
substance, the only exception being when the 
syinmotry is at its maximum, in the cubic 
system, when this perfect symmetry itself 
fixes the angles, 

{(1) The faces arc arranged in zones, each 
zone being composed of faces parallel to a 
common axis, to which all their edges of 
intorsoction arc also ])arallcl. When this axis 
is sot ])arallid to the axis of the goniometer, all 
the faces of the zone are automatically ad- 
justed, so as to reflect the signal-image from 
every face in turn to the cross-wires of the 
toloscopo when the goniometer axis and crystal 
arc rotated. 

(e) When the signal-image from each suc- 
cessive face is adjusted to the cross-wires and 
the 'circle reading taken, the differences between 
the readings are the angles between the face- 
normals, and those are most conveniently 
considorod as the intorfaoial angles ; they 
are arranged in accordance with the symmetry 
devoh )ped. 

§ (1^) MlLtjlillt’s MkTIIOD of DTSTINGtllSHINO 
(htYSTAL — A nu'thod of defining the 

ndativo positions of (Tystal faces by moans of 
a c<)m])a<!t symbol now -universally adopted 
is due to W. 11. Miller, Professor of Mineralogy 
at (Cambridge from 18J12 to 1881. 

The fatten of a crystal iim a series of ])lanes, 
and any throe of these, no two of whicdi are 
X)iirall(‘l, may be taken as ])lanes of roforeuco 
to which tlm [>oHiiion of the otlior faces may 
b(* r(»feri’(‘(l. 

(i.) .i-laTw of Rejerenee, — Clonsidor then three 
I)lanes passing through a point () which we 
take as origin and drawn parallel to any 
thrcM^ faces of tlu’i crystal ; these pianos 
inteweot in thu'C straight lines OX, ()Y, OZ 
(A’?V/. 2); these lines we take as axes of 
rc'hwcmce. 

Th(' plan(‘s may l)(‘ ])iirallcl to any tlimc faces, but 
it. will UHUully Ix' possible to lind tlin'o which, from 
H'giilarity of the (ipystal with r<^gard to thorn, 
ar(s cleurly of iinportance in its oonutruotion, and 
in a nunvl)(‘r of ensc's two or more pianos can ho 
found niuinally at right angloH. 

Any fourth piano will cut the axes in pcjints 
A, B, C, and its position can bo defined by the 



lengths of the intercepts OA, OB, and OC — 
or rather, since we are not concerned with 
the actual location of the face, which depends 
on the size and not merely the form of the 
crystal — hy the ratios OA : OB : OC of the 
three intercepts, which thus fix a series of 
parallel planes. It is now a universal (inter- 
national) convention 
for the description 
of crystals that the 
axis OY (and its 
intercept OB) shall 
run from left to 
right, and the OX 


Y' 


axis (OA intercept) 
from front to back. 

(ii.) The Para^ 
meters . — Select then 
Fig. 2. any suck plane and 

let the lengths of the 
intercepts be a, by c respectively. We define 
this as a parametral plane, and the values of a, 
b,c measured in any convenient unit as the 
parameters. It will usually be found that 
there is a plane, developed as a prominent 
face, for which some simple relations exist 
between a, b, and c, e.g. all three parameters 
are eq[ual, or two of them are equal and 
differ from the third ; it is convenient but 
not essential to select such a plane as the 
parametral plane. 

(iii.) The Indices . — A plane parallel to any 
other face of the crystal will cut the axes in 
three points. A', B', say. 

Then it is found hy observation that the 
intercepts OA', OB', OC' are proportional 
respectively to a/ A, 6 /fc, c/Z, where A ^ a*!© 
in all cases small whole numbers — including 
zero — in few cases so great as 6 . These 
numbers arc called the indices of the plane, 
and if wo know in any case the position of the 
axes and the values of the parameters the 
position of any other plane is defined by 
its indices and is denoted by the symbol 
(hhl). 

This implies that if the known parameters 
bo a, by f., and we cut off on the axes lengths 
proportional to ajh, b/k, and c/Z, the face in 
question will be parallel to the plane so 
dofinod. 

The relative positions of the axes are fixed 
by the angles between them. If we put 
YOZ=a, ZOX = p, XOY=y, we see that the 
position of any face is determined by the 
values of the three parameters a, b, c, the 
three angles a, fi, 7 , and the three indices 
hy k, I ; moreover, in all cases A A I small 
integers including possibly zero. 
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A face may of course cub the axes on either the 
positive or the negative side of the origin, i.e. either 
between 0 and X or on the side of O remote from 
X. This will be indicated by giving a negative 
sign to the corresponding index, which becomes —h 
or, as it is usually written, h. Again, if one of the 
indices, say h, is zero, the corresponding intercept 
is a/0 or infinity. This indicates that the axis OX 
is parallel to the face in question. 

Again, since we are only concerned with 
the ratios a:b : c we may take any one of 
these quantities to be unity and refer the 
others to it ; it is usual to select b as unity, so 
that the ratio becomes a : 1 : c. 

§ (4) Crystal Elements — Constructional 
Axes. — These axes are spoken of as the 
constructional axes of the crystal, and the 
various systems of crystals are grouped 
according to the values of the parameters 
a, b, c, expressed as a : 1 : c, and the 
angles a, /3, 7 , between the constructional 
axes. These quantities are known as the 
crystal elements. 

§ ( 6 ) Crystal Systems. — These are seven 
in number. Each system contains a number 
of classes characterised by a common set of 
constructional axes, ie. common type of 
crystal elements, and certain common features 
of symmetry. 

§ (6) Elements op Symmetry. — The 
elements of symmetry which belong to a 
crystal are two in number; it may possess 
a plane or planes of symmetry or it may 
be characterised by an axis or axes of sym- 
metry, or by both eluents. 

(i.) Plane of Symmetry. — Imagine a crystal 
to be divided into two portions, A and B, by 
a plane which we suppose capable of producing 
a reflected image of A ; let B' be this image. 
In general there will bo no resemblance 
between B and B', but if it should happen 
that each face of B' coincides with or is 
parallel to a face of B, then the crystal has 
been divided into two symmetrical portions 
by the plane, the plane is a plane of 
symmetry. 

(ii.) Axis of Symmetry. — Imagine now a line 
in a crystal possessing the property that i£ 
the crystal be rotated about this line through 
some definite angle each face is brought into 
a position either coincident with or parallel 
to that occupied by some other face before 
the rotation took place. The crystal is said 
to be symmetrical about the line, and the line 
is an axis of symmetry. If the crystal were 
mounted on a goniometer with the axis of 
symmetry coincident with the axis of the 
goniometer it would not be possible to infer 
from the readings of the instrument that the 
crystal had been moved. Thus, for example, 
in a cube each of the faces of the cube is a 
plane of symmetry and each of the edges 
an axis of symmetry; a cube, however, has 


many more planes and axes of symmetry than 
these. Or consider a crystal bounded by two 
regular figures, ABODE, A'BCDE (Fig. 3), 
having the rectangular face BODE in common, 
and the eight trian- 
gular faces equal ; 
the face BODE is 
clearly a plane of 
symmetry, and the 
line AAf which is 
perpendicular to it 
is an axis of sym- 
metry. 

The angle through 
which rotation 
takes place in order 
to bring the crystal 
into a symmetrical 
position is in aU cases some submultiplo 
of 360°, corresponding to division of the 
whole circle by two, three, four, or six. 
If the rotation be through 180° — 360°/2 — 
the symmetry is digonal, for 120° — 360°/3 — 
it is trigonaly for 90° — 360°/4 — it is tetragonal, 
and for 60° — 360°/6 — the symmetry is hexa- 
gonal. 

In some crystals a more complicated typo of 
symmetry exists in wliich we can bring the 
crystal into the symmetrical position by sup- 
posing (1) that it is rotated about an axis, 
and (2) that each face is displaced as it wouUl 
bo if reflected in a piano ; we have to consider the 
combined ofiect of an axis of symmetry and a piano 
of symmetry. 

Thus consider a crystal of which a section is given 
by ABOD (Fig. 4), a quadrilateral figure in which 



AB and CD arc parallel and BO and Al) equally 
inclined to AB. On rottiting this through 180'’ 
about an axis through O, the mid point of llu‘ 
bisector of the two parallel sides, perpendicular to 
the paper, we get A'B'C'D', which has not all its 
faces parallel to those of the original orysirfil, but by 
supposing B'C' reflected in a plane through the 
middle point of AD perpendicular to the paper, 
and A'D' similarly reflected in a plane i.hrough 
the mid point of BC, we recover the original 
crystal. 

§ (7) The Seven Systems of Crystals. — 
Before discussing the types of symmctiy 
which characterise the various systcniH of 
crystals each of which has its own typo of 
crystal elements defined by the paranu^torH 
a, by Cy and the angles a, /3, 7 , of the con- 
structional axes, it will be useful to give in 
a schedule the relations between those quan- 
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titios for each of the seven systems, which are 
named as shown in Table I. 

Tabi.b I 

Systems of Crystals 


Name. 

Parameters. 

Interaxial Angles. 

i. Triclinio . 

ii. Monoclinic 

iii. Ehombio . 

iv. Tetragonal 

V. Hexagonal 

vi. Trigonal . 

vii. Chibio 

a^h^c 

a 

Of ^ 1) c 

a = 6 c 
a = h^-o 
a = 6 = c 
a — b = c 

a^^/3^7 

a = 7 = 90° ^^-90° 

a = ^ = 7 = 90“ 
a = |8 = 7 = 90° 
a = /3 = 90° 7 = 60° and ]20' 
a = jS = 7 ^ 90° 
a = /3=7=90° 


§ (8) Classes of Symmetry. — Each of i 
those seven systems includes crystals of various 
classes of symmetry, in all thirty-two in 
number, which are built up from the elements 
of Byn\metry — the plane of symmetry and the 
axis of symmetry — already described. 

(i.) The Triclinic, System, which is the least 
symmetric, comprises two classes. The three 
axes are unoq[ual and unequally inclined. 
Class 1 has no symmetry whatsoever, every 
face being a “ form ” unto itself, that is, 
it has no fclhw or fellows of like relation 
to the constructive axes about which the 
crystal can bo imagined to bo erected. Class 
2, however, is symmetrical about the centre; 

thus the crystal is 
composed of parallel 
faces, each pair of 
which is a form in 
the sense just alluded 
to. One of the best- 
known triclinic sub- 
stances is copper sul- 
pliate, ( !uS 04 . 5H2O, 
a c.rystal of which is 
shown in Fig. 5. 

(ii.) The MonocMnir. 
or Monos ymmetric 
System, comprises 
three classes. The 
throe axes are un- 
equal, two being 
inclincKl to each other 
at an angle other 
than 00", while the 
third, always chosen as the b axis, is normal to 
their j)lan(L Two real elements of symmetry 
ar<^ now ])OHHihl(s a |)Iane of symmetry, that 
containing the inclined axes, and a digonal 
axis of symmetry por[)en<lioular thereto and 
idcmti<*al with the normal constiuotion axis. 
CJlasH 5 poHHOSHOs both these elements of 
symmetry, while Class 3 is endowed with 
tiio plane of symmetry only, and Class 4 
with the digonal axis only. An excellent 
example of full monoclinic Class 5 symmetry 
is potassium nickel sulphate, K2Ni(S04)2. OHaO. 
a typical crystal of which is shown in Fig. 6. 
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(iii.) The Rhombic or Orthorhombic System 
includes three classes. The three axes are 
unequal but are arranged at 
angles of 90° to each other. One 
class, No. 8, possesses all the 
six elements of symmetry which 
now become possible, namely, 
three planes of symmetry, 
which are also the three con- 
structional axial planes, and 
three digonal axes of symmetry, 
identical with the three rectan- 
gular axes and the intersec- 
tions of the planes. Potassium 
sulphate, K2SO4, is a common 
substance crystallising in this Class 8, and 
a characteristic crystal is represented in 



Fig. 6.— a Crystal of Potassium Nickel Sulphate. 

Fig. 7. Class 6 possesses the three axes of 
symmetry only, and Class 7 possesses two of 
the planes and one axis of symmetry, the 
axis in which the planes intersect. 

(iv.) The Tetragonal System goes a stop 
further in degree of symmetry. Two of the 
axes are of equal 
length, the third 
being unequal ; 
the angles are 
all equal to 90°. 

In describing or 
sotting uj) the 
crystal the un- 
equal axis is 
made vortical. 

No loss than 
seven classes are 
now possible, all 
of which possess 
the systematic 
characteristic, a 
tetragonal axis 
of symmetry which is identical with the 
vortical constructional axis. Class 9 pos- 
sesses this symmetry element alone, but 
Class 15, the highest of the system, is also 
endowed with four symmetry planes inter- 
secting each other at 45° in the tetragonal 
vertical axis, an equatorial symmetry plane 
perpendicular to the vertical axis, and four 
digonal axes of symmetry lying in that 



Fig. 7.— a Crystal of Potassium 
Sulphate. 
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ec[iiatorial plane. Zircon, silicate of zirconiuni, 
ZrSi 04 , crystallises with the symmetry of 
this class, and a typical zircon is portrayed 
in Fig. 8. Between this “ holohedral ” class 
(of full symmetryT and Class 9 are five other 
classes — ^ 



various combina- 
tions of some of these 
symmetry elements 
but always including 
the tetragonal axis, 
the essential sym- 
metry element of the 
tetragonal system. 

(v.) The Hexa- 
gonal System is 
similar in many 
ways to the tetra- 
gonal, but the equal 
axes are inclined to 
each other at 60° 
instead of 90° ; it 
is characterised by 
a hexagonal vertical 
axis of symmetry. 
There are five classes 
in the system, the 


simplest. Class 23, possessing only the essential 
hexagonal axis of symmetry; but the most 
symmetrical, the holohedral Class 27, has six 
planes of symmetry intersecting each other at 
30° in the hexagonal axis, and an equatorial 
plane of symmetry with six digonal axes of 
symmetry lying in it at 30° from each other, a 
total of fourteen ele- 
ments of symmetry. 
Beryl, Be 3 Al 2 ( 8 i 03 )b, 
the beautiful gem- 
stone known as 
aquamarine when 
pale green in colour 
and emerald when 
dark green, is an 
excellent example of 
Class 27, and a 
typical beryl crystal 
in shown in Fig. 9. 

(vi.) The Trigonal 
System has three 
equal and equally in- 
clined axes, generally 
at other than 90°. 
The axes, indeed, 
are the edges of a 
rhombohedron, which resembles a cube com- 
pressed or extended along one diagonal, and 
this diagonal is the vertical axis of trigonal 
symmetry and not a construction axis; it is the 
essential element of symmetry of the system, 
which includes seven classes, the simplest. Class 
16, having this as its only symmetry olomont. 
The most symmetrical, the holohedral Class 
22, possesses in addition three symmetry 





nH 

a 




n 




■■ 








■ 

:| 

Bn 

B 

1 

s 


mgm 

s 


002 


planes intersecting at 60° in the trigonal axis, 
an equatorial symmetry plane, and three 
digonal axes lying therein at 60°. No well- 
known substance exhibits this full trigonal 
symmetry, although two rarer substances, in- 
cluding the gem- 
stone benitoite, 

BaTiSigOg, belong 
to the class. But 
two very im- 
portant minerals, 
oalcite, CaCOg, 
and quartz, SiOg, 
belong to Classes 
21 and 18 respect- 
ively, and figures 
of typical speci- 
mens of calcite 
and quartz crys- 
tals are shown in 
Figs. 10, 11, and 
12. Fig. 10 also 
shows the three 
con s truotional Fig. 10.-— A Crystal of Calcite. 
rhombohedral 

axes, and the vertical trigonal axis. This 
Class 21 only differs from the holohedral 
Class 22 by having no equatorial plane of 
symmetry. The actual crystal shown in 
Fig. 10 is a combination of the rhombo- 
hodron, with edges parallel to the construc- 
tional axes, and the hexagonal prism parallel 
to the vortical axis. 

The Quartz Class 
18 has all the four 
axes of syminotry 
(three horizontal 
and one vertical) 
of the system, but 
no symmetry 
planes. Now it is 
an interesting and 
highly important 
fact that all the 
classes of sym- 
metry, and there 
are eleven of them, 
which possess no 
plane of symmetiy 
are distinguished 
by the pro])orty of 
right- and left- 
handednoss, or, as 
it is termed, “ onantiomorphiflm.” Two 
varieties of crystals, one the mirror iniag(^ 
of the other, right- and left - handed like 
a pair of gloves, are not only possible 
but are often found developed, and two 
sucli crystals of quartz are portrayed in 
Figs. 11 (left-handed) and 12 (right-handed). 
Moreover, to enhance the intcroBt, it is just 
this remarkable property which is possessed 
by the crystals of all substances which rotate 
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FlO. 11. — A Tjcft-haiulcd 
(Crystal of Ciiiartz. 
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the piano of polarisation of plane-polarised 
light, and if a section -plate were cut 
out of each of the two crystals shown, 
perpendicularly to 
the vertical axis, it 
would rotate the 
plane of polarisation 
to the left in case 
of Fig. 11 and to 
the right in the case 
of Fig. 12. 

(vii.) The Cubic 
System of highest 
symmetry is typi- 
fied by the cube 
itself, the three 
constructional axes 
being parallel to 
the cube edges, 
equal in length and 
all mutually at right 
angles. There are 
five classes com- 
prised in the system, 
the least symmetric, Class 28, possessing throe 
rectangular digonal axes of symmetry coincident 
with the constructional axes, and four trigonal 
symmetry axes equally inclined to the former. 
But the most symmetric, the holohodral Class 
32, possesses no loss than twenty-two elements 
of symmetry, namely, the throe already men- 
tioned as digonal axes but which arc now 
tetragonal ones, and tho four trigonal axes 
also already referred to, and in addition six 
digonal axes bisecting the angles between the 
tetragonal axes, throe pianos of symmetry 
(tho cube j)lanes) perpendicular to tho tetra- 
gonal axes, and six other symmetry planes 
bisecting tho angles l)otweon tho three just 


13. — A OryHtal of (larnot. 

mentioned. Tho ancient Cr(‘,oks may well 
have taken the cube as their symbol of per- 
fection, their gcomotricianH having under- 
stood tho immense p(>Hsil)iliti<^8 of symmetry 
incipient within it. Garnet, tho beautiful yt^t 
very common silicate of the gcmeral composi- 
tion in which R" stands for 

calcium, magnesium, ferrous iron, or man- 
ganese, and IV" for aluminium, ferric iron, or 


chromium, crystallises in this Class 32 of 
maximum symmetry, and a typical rod garnet 
measured by the writer is shown in Fig. 13. 
The cubic system is unique in^that all the faces, 



and they arc exceedingly numerous, possible to 
bo developed on the crystals conforming to the 
system are inclined at angles absolutely fixed 
by the symmetry and invariable. Its three 



rm. 15. — Tlio Octahedron. 


Bim])lest forms, tho cube, octahedron, and 
rhombic dodocahodron, roprosentod in Figs. 
14, 15, and KJ, arc also unique in that there can 
bo only one cube, one octahedron, one rhombic 



T’ig. 10.— Tho Rlioinblo Dodocahodron. 

dodecahedron. But there are four other holo- 
hcdral cubicj forms, the hexakis octahedron, 
the icositotrahedron, the triakis octahedron, 
and tho totrakis hexahedron, represented by 



Tig. 12. — A Rifiht-hauded 
Crystal of Qiiart.z. 
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the next four figures, Figs. 17, 18, 19, and 20, 
which may have several representatives, the 
commonest of which are specified in (§) 10, yet 
each of which has its own definite angles fixed 



I’lO. 17. — ^The Hexakia Octahedron. 


by the symmetry. Also, there are ten other 
polyhedra characteristic of the cubic classes 
of lower than the holohedral symmetry, of 
which two may be taken as examples, the 
tetrahedron and the pentagonal dodecahedron. 



KiG, 18. — ^Xlio Icositotrahodron. 


shown in Figs, 21 and 22. The tetrahedron 
is a form of both Class 31 and Class 28, the 
former class being produced when the three 
axial planes are no longer pianos of symmetry 
and the six digonal axes are no longer operative. 



Tig. 19. — ^Tlio Triakia Octahedron. 


The pentagonal dodecahedron is most charac- 
teristic of Class 30 (in which iron pyrites, 
FoS._j, crystallises), which is formed when the 
six diagonal planes of symmetry are eliminated, 


the three cubic planes being operative ; the 
form occurs, however, also in Class 28. The 



Fig. 20. — ^Tho Tetrakis Hexahedron. 

polyhedron represented in Fig, 17, the hexakis 
octahedron, possesses the large number of 48 
faces. It is the solid produced by the opera- 



tion of the whole 22 symmetry elements when 
a single face inclined unequally to all three 
cubic axes is taken as the start. 



Fig. 22. — ^Tho Pentagonal Dodecahedron. 

§ (9) The Real Elements of Symmetry. 
— It has been essential to refer to these 
geometrical details concerning the seven 
systems of crystal architecture, and the 32 
classes of symmetry combinations which they 
comprise, in order to render quite clear one 
of the greatest advances of the last third of 
a century. Previous to that the existence 
of classes of less than the full “ holohedral ” 
systematic symmetry had been accounted 
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for by assuming that the half or three-quarters 
of the full number of faces corresponding to 
the holohedral class were suppressed, or latent. 
For instance, the suppression of alternate 
faces of the octahedron was supposed to give 
the tetrahedron ; and the elimination of half 
of the faces of the tetrakis hexahedron to give 
the pentagonal dodecahedron. These classes 
were therefore denominated “ hemihedral ’* or 
“ tetartohcdral,” according as one-half or only 
one-fourth of the full number of faces were 
present. But the work of Victor von Lang, 
von Groth, Story Maskelyne, and Viola 
effectually eliminated this feeble and very 
unscientific supposition, by showing that 
there are certain definite elements of sym- 
metry, relatively few in number — those in 
fact which have been specified in § (6) — and 
that each crystal class of the 32 is endowed 
with its own invariable and fixed number and 
character of symmetry elements, and that 
all of them arc active, the crystal being the 
outcome of the operation of all the symmetry 
elements specified as governing and forming 
the class. 

§ (10) The Law of Rational Intercepts 
OR Indioes, — When we proceed to determine 
the indices of the other forms besides the 
primary, or parametral, and their individual 
faces on the crystal, we are saved from com- 
plicated figures and fractional or decimal 
values by a most remarkable law, already 
mentioned, which has proved to bo the key to 
crystal structure. When we have made the 
comparison and got out our indices, they all 
l)rovo to bo simple integers. That is, the 
faces develoi)od on crystals by Nature are 
only such as liavo rational, integral, intercepts, 
whole numbers only, and usually very low 
ones such as 2, 3, 4, 5, or possibly 6, and but 
very rarely higlior numbers. In other words, 
wo have not to deal with faces of every possible 
angle, but only with faces having angles 
arranged at definite intervals. Moreover, if 
symmetry be present, as is usual, the faces 
will form the natural grou])H or “ forms ” 
already n^fernul to, for which tlio index 
uurnlx^rs are th(i same, all these faces of any 
one form having tlio same relation to the 
symmetry dovelo])ed. Wo have seen that in 
the system of highest symmetry, the cubic, 
for whi(di th(^ parameters arc all equal, the 
general (faces inc.limxl to all three axes) form, 
the hexakis octahedron, has no less than 48 
faces, all represeutcxl by the same form 
symbol, |321|- for instance. The kind of 
bra(5k(^t just uh(hI is, in fact, reserved to en- 
closes a “ form ” symbol, the indices given as 
repnisentiug the form being those of a face in 
th<^ top right front octant. At the other ex- 
tremes iu (Hass 1, [) 0 Hsessing no symmetry, 
every facjo is a form unto itself. 

The n^gular octahedron, of 8 faces as its 


name implies, is {HI}. The rhombic dodeca- 
hedron is {110}, as each face is parallel to 
one cubic axis and outs off equal intercepts 
from the other two axes ; it possesses 12 faces 
as again implied by its name. The cube is 
{100}, for each face is parallel to two axes ; 
(100) is the front face, (010) the right face, 
and (001) the top face. The ordinary form of 
simple bracket here used is that reserved for 
the symbol of a face. The other four forms 
represented in Figs. 17 to 20 are known to 
have several representatives, the commonest 
being, for the hexakis octahedron {321}, 
shown in Fig. 17, and {421}, all three indices 
being always different ; for the icositetra- 
hedron of 24 faces {211}, shown in Fig. 18, 
and {311}, two indices being always equal 
and loss than the third ; for the triakis octa- 
hedron also of 24 faces {221}, shown in Fig. 
19, and {331}, the two equal indices being 
always greater than the third; and for the 
tetrakis hexahedron {210}, shown in Fig. 20, 
and [310}, every face of the 24 which it pos- 
sesses being parallel to one axis and differently 
inclined to the other two. 

In no other system than the cubic are the 
whole of the angles determined by the sym- 
metry itself, and able to be calculated directly 
therefrom by spherical trigonometry. In the 
other systems the angles not fixed by the 
symmetry require to be determined by 
goniometrioal measurement, from the results 
of which the crystal elements can be directly 
calculated. The occurrence of the faces in 
zones is a groat help, especially as most faces 
lie at the intersection of two or more zones. 
Indeed the position of tho faces can be located 
on a sphere directly from tho measurements 
of tho angles in the various zones ; and by a 
very simple construction, tho i)oints where 
normals to tho faces from tho common oontro 
of crystal and sphere cut the sphere can bo 
projected on to a plane, tho eye being supposed 
to be at tho north ot* south polo anct tho plane 
of projection to bo the equatorial plane. 
Such a projection on paper, the Steroographio 
Projection, affords us a concise and invaluable 
plan of tho crystal, and the spherical triangles 
on it iudioato to us the obvious course of the 
cahsulations, by which tho crystal elements 
and the interfacial’ angles themselves can all 
ho computed, provided one, two, throe or 
five (according to the degree of symmetry) 
“ basal ” angles arc measured as the basis 
of calculation. 

Thus Fig. 23 represents the stereographio 
projection of a crystal of topaz (AlF) 8 Si 04 , 
which is orthorhombic, of the holohedral 
Class 8. Kvory zone is roproaentod by a 
circular are or straight lino, and in tho ease 
of the zone of faces parallel to the vortical 
axis, by tho outer complete circle. Tho points 
on each zone represent tho positions of the 
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various faces indicated by the Millerian 
indices. The projection is that of the upper 
hemisphere, but as the plane of the paper is 
a plane of symmetry of this rhombic crystal 
the poles on the lower hemisphere are identi- 
cally placed. The two vertical planes of 
symmetry are repre- 
sented by the two 
diameters parallel to 
the page edges. The 
symmetry of the 
crystal is thus clearly 
and fully indicated 
by the stereographio 
projection. 

§ (11) Crystal 
Stbuottjre. — Now 
the limitation I 

of the number 6 b Ofo! 
of po.ssible 
forms to such as have 
rational indices is of 
prime importance 
with regard to the 
structure of crystals. 

For it means that 
the crystal is built up 
of units of definite 
appreciable size, the 
“bricks” of the 
crystal edifice. The 
Abbe Haiiy, who first 
recognised the law at the time of the 
French Revolution, imagined them as 
“molecules int^grantes,” and since his time 
the idea has developed, very slowly for 
many years, but lately much more rapidly, 
until a geometrical theory of crystal structure 
has been evolved which has probably now 
reached finality, having been confirmed in a 
remarkable manner by the new X-ray analysis 


point-systems of the simpler kind, involving 
geometrical “ space operations ” of only the 
first order (rotations about axes only). They 
were first described by L. Sohneke. The 
remaining 166 more complicated point- 
systems involve space operations of the second 
kind (reflections over 
planes). These were 
recognised and de- 
soribed simul- 
taneously by E. S. 
Fedorov, A. Schoen- 
flies, and W. Barlow. 
Fundamental to the 
whole 230, however, 
are 14 space-latticos 
defined • by Franken- 
heim and 
b OiO B Bravais, and 
many of the 65 
Sohneke systems 
reduce to these space- 
lattices when groups 
of the points are con- 
sidered as units, or 
are replaced each by 
a single point; in a 
few cases the space- 
lattices are special 
cases of the point- 
systems. 

We thus come to 
the basal fact that the structure of a crystal 
is fundamentally that of a space-lattice, a 
three-dimensional trellis-work. Three of these 
space-lattices are of cubic symmetry, the 
points being arranged as the simple cxibo, 
the centred cube, and the face - ccutrecl 
cube. They are shown in Figff, 24, 25, 
and 26. Two others are tetragonal, four 
are rhombic, two monoclinic, one triclinic, 
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Fia. 23. — ^The Stereographic Projection of Topaz. 


Fia. 24. — The Cubic- 
Space-lattice. 




Pig. 25. — The Centro I 
Cube Spacc-liittice. 


Fig. 20. — Tho PiK^o-ooutrod 
Cubic Spac.e-lattico. 


of crystals presently to be referred to. Its 
essence is as follows : 

Considering the elementary atoms compos- 
ing the crystal substance as points, the crystal 
structure is that of a homogeneous arrange- 
ment of points. There are 230 modes of 
arranging points in a homogeneous structure, 
such as is possible to crystals, having regard 
to all tho limitations which are imposed by 
the law of rationaUty and the fact that 
crystals have plane faces. Of these, 65 are 


one is hexagonal, or trigonal-] and 

another is rhombohedral - trigonal. In the 
crystals of very simple chemical compoimds, 
and of the chemical elements themselves, 
tho space - lattice is directly formed by the 
chemical atoms. In tho more com])li(?ate(l 
crystalline substances, when more atoms go 
to tho molecule, the si)ace-latti(^e ])oiTitH ar(^ 
surrounded or re])laoc(l ])y grou])s of atoms. 
In any case, tho structure is that of one of the 
230 systems of points, according to which 



}/ M y' \ |>0 


CRYSTALLOGRAPHY 


19 


alone homogeneous crystal structure's must be | 
arranged, or is a special and very simple case 
of one of them. The crystal faces are parallel 
to the various planes of atoms of the space- 
lattice. Any three adjacent points of the 
lattice of course determine a face. It is, 
indeed, only these possible planes of atoms, 
the nodes of the space-lattice, corresponding 
to all the possible combinations of three 
adjacent atom-nodes, that are possible faces, 
and this is the very simple explanation of the 
law of rational indices or intercepts. In 
short, the parallelopipcda formed by joining 
the rows of points of the trellis by straight 
linos, along the throe dimensions of space, the 
unit blocks of the three-dimensional lattice, 
are the “ bricks ” of the crystal edifice. 
Further, the (Cleavage Planes of crystals are 
those along which the atomic points or nodes 
are most densely packed ; for obviously in 
the perpendicular direction the cohesion must 
bo less, the atomic attractive points being 
further apart, and the crystal is more readily 
tom asunder by a force thus perpendicularly 
directed. A very simple and rational explana- 
tion of the voiy important property of cleavage, 
which so nuiny crystals exhibit, is thus 
afforded. 

§ (12) Relative Measurement or Spaoe- 
LATTiOE Cells in ^SIMILARLY constructed 
Crystals. — The points at the comers of the 
unit parallelopipodon of the space-lattice may 
bo either the atoms themselves (simple cases), 
or the representatives of groups of atoms ; 
or we may regard them as representing the 
chemical moh'cules or small groups of molecules 
(not usually more than four, but occasionally 
as many as eight) whi(^h form the complete 
j)oint-HyHtom of the struc^ture, and thus we 
come to r(^gard the parallele])ipedon as the cell 
or habitat of such molecular or polymolecular 
structural uuit. Now in a series of substances 
crystallising similarly — those known as “ iso- 
morphous ” — in whi(,*.h the only chemical 
diffenuKje is that one chemical clement is 
rci)la(‘ed by another belonging to the same 
family group of the ])ori()dio system, it must bo 
obvious that the stnu^ture is a strictly analo- 
gous one, belonging to tlu^ same crystal-class 
and exhibiting the same “ forms,” and only 
diifering in the dimensions of its parallolopipoda. 
It was suggested by F, Jh^cke in the year 1892 
that a relative measure of those coll dimensions 
might be obtained by oombining the crystallo- 
graphic axial ratios with determinations of 
the density of the crystals. For the latter 
divided into the molccuilar weight of the 
substance affords the Molecular Volume of 
Kopi), and this may bo regarded as the 
volume of the cell, (lombination of this with 
the axial relative longblis should therefore 
yi(^ld us the relative edg(' dimensions of the 
coll. The suggestion was taken up practically 


by Muthinann and by the writer simultaneously 
and indepondontly in the year 1894, and 
applied by the former to the case of the 
rhombic permanganates of the alkalies, the 
crystals of which he had measured and sub- 
mitted to density determinations, and by the 
latter to the rhombic sulphates and sclenates 
of potassium, rubidium, caesium, and ammon- 
ium, as well as to a large number of the 
double sulphates and selenates of the well- 
known monoclinio series with six molecules 
of water of crystallisation, of which these 
alkali salts are the dominating constituents. 
The new Space -Ratios thus obtained wore 
called “ Topic Axial Ratios ” by Muthmann 
(from tSttos, space), and “ Distance Ratios ” 
by the writer. Now the interesting result 
was obtained that those relative space-ratios 
indicated a regular increase in the space- 
lattice cell volume and edge dimensions, as 
the atoms of potassium were replaced by the 
heavier atoms of rubidium, and those in turn 
by the still heavier ones of caesium. The 
actual values will bo found given in § (17) (iv.), 
for the sim])lo rhombic sulphates of tho alkalies. 
It was further indicated that tho volume and 
edge dimensions of tho cells of tho analogous 
ammonium salt wore almost exactly identical 
with those of tho corresponding rubidium salt, 
the intermediate member of tho group of 
salts. It has to bo remembered that tho 
atomic weight (84-9) and atomic number (37) 
of rubidium are practically exactly midway 
between these ’ constants for potassium (38-9 
and 19) and caesium (131*9 and 55). Hence, 
tho crystals of those ammonium and rubidium 
salts are essentially isostructural. 

Now tlicao interesting results wore in keeping 
with those derived from the writer’s i)reviouH 
resoarohes. For it had boon shown that th(^ 
intorfacial angk^s and elements of tho crystals 
of those isomorphous series exhibit a similar 
progression, corresponding to tho advatuso in 
atomic weight and atomi<! number, and in a 
long series of subsequent memoirs (just 
oomploted, 1922) it has boon })rovod con- 
clusively that tills is a general law for all tho 
crystal projiortios, morphological, optical, and 
thermal, of those important rhombic and 
monoolinic seric^s of isomor|)hous salts. Tho 
volumes and edge dimensions of their spaco- 
lattioo colls thus conform to the general law 
of progression which tho writer has now 
established for these series. 

§ (13) Final Prooe otf Hazy’s Law oe 

(toNSTANOY OF CRYSTAL ANGLES. — Incident- 
ally this result has also definitely settled ilui 
long-argued oontradiotion between tho view 
of Haiiy — that every chemical substance was 
characterised by its own c.rystallino form— 
and the principle of isoniorphisin of Mit- 
scherlioh, who in iirst iiutting forward his 
discovery of tho principle in its cruder form 
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held that isomorphous substances are eq.ui- 
angular, and therefore that quite a large 
number of similarly constituted substances 
had not only the same form but also the same 
angles. But the results of the writer’s work 
prove that there are small but very real 
differenced in the crystal angles, rarely reaching 
3° and often less than 1°, as well as in every 
other property, and that consequently, even 
in these oases of great similarity, Haiiy’s law 
is strictly true. The only cases excluded are 
cubic crystals, for which the symmetry fixes 
the angles. But even in these bases all the 
other properties show progressive differences. 

§ (14) Analysis of — 

Crystal Structtjbe by 
X-RAYS (Laub), — At 
this point the ' 

writer was A 

eagerly looking yr - , 

for a means of /ii ■[ ' 
converting ' 

into absolute /' ■ ,« ^ 

measures these f ^ , 

relative dimen- > ' ! , > ^ ' 

sions of the 

space - lattice f i ^ 

cells, afforded 

by the space- i , j % 

ratios. For V ' ’ ^ 

so far only V . • 

strictlj” related \ ^ 

compounds, ^ 

such as those V ' 

ofisomorphous 
series for which 

the structures ' . - . , , 

were certainly ^ 

analogous, were strictly 
comparable. One step , 

forward had been made, , 

howerer, for from the pjg. av.-Reproduo 

evidence of the produc- Radiogram o; 

tion of excellent mixed 


FjG. 27. — Reproduction of original Lauo 
Radiogram of Zinc Blonde. 


mont with a crystal of zinc blende, and found 
it to succeed perfectly, the crystal diffracting 
the incident beam of X-radiation into a 
number of diverted beams, each of which 
made an impression on a photographic plato 
which developed as a spot, and the whole 
series of spots formed a pattern — the now 
well-known Laue radiogram — ^which exhibited 
the cubic symmetry of the crystal, each plane 
of atoms of the space-lattice producing its own 
spot. The writer was fortunate in seeing these 
historic first Laue radiograms in the Munich 
laboratory on a visit just afterwards. One of 
! them, for zinc blende, is reproduced in Fiff. 27. 
— ^ Before giving a brief 

account of the remark- 
able development which 
\ has followed 

from this now 
' mode of at- 

\ tack, it ' may 

« bo said at once 

^ ‘ ‘ \ that the results 

V .\ bavofiilly 

f, ; \ confirmed the 

... ',„V> '\ conclusions 

i * cf crystal- 

‘ log rap hors 

' , ' ' ♦ ’ a b o V o d e - 

' : I scribed. They 

, , / prove beyond 

^ , 9 J ^ shadow of 

^ , 7 doubt that 

0 j crystals arc 

, / built up on the 

• / principle of 

' ■; ■ ■ 'y point - systems 

Q»n-d spaco- 
. lattices, the atoms being 

; ■fcbo ultimate units, and 

in a considorablo num- 

T Tber of cases of simT)lo 

ion of original Lauo i. • i \ h 

Zinc Blonde. chemical compounds the 

absolute dimensions of 


crystals and parallel growths it had been 
proved that rubidium and ainmonium sul- 
phates were also strictly comparable, and 
their isostruoture rendered certain ; for close- 
ness of structural dimensions is a condition 
for such productions. But at this moment, 
in the year 1912, M. von Laue of Munich made 
his epoch-making suggestion, that if the atoms 
or molecules of a crystal are in truth arranged 
in a space-lattice, they ought to bo capable 
of reflecting or diffracting the oxccoclingly 
minute electro-magnetic waves of the X-rays, 
for the order of dimensions of atoms and of 
the wave-lengths of X-rays is approximately 
the same, about 10 cm. The planes of 
atoms of such a space-lattice ought, in short, 
to behave much as a diffraction grating does 
towards ordinary rays of light. His colleagues, 
W. Friedrich and F. Knipping, tried the experi- 


the space-lattice cells have been determined . In 
the particularly important case of the sulphates 
of potassium, rubidium, and ctw^sinm, for 
which the relative cell dimensions had been 
given by the writer as explained in a ])revioiiH 
section, the absolute values now obtained by 
X-ray analysis have proved to ])osHeHH ])ro- 
cisely these, relations, the corrcHpondence being 
of a most .satisfactory and oven surprising 
closeness. The actual figures arc gi\\-a and 
more fully referred to in § (17). 

§ (15) The X-ray Spectrometer (Hkacjo). 
— Shortly after the publication of the memoir 
of Lauo, Friedrich, and Knipping, a now 
method of procedure^ was devised by 8ir 
William H. Bragg, and a fuller exfdanation 
was given of the I..auo radiograms by his son, 
Prof, W. L. Bragg, who has also used with 
1 See “ X-Rays," §§ (C)-(O), Vol. II. 
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conspicuous success the method of his father. 
This consists in mounting the • crystal on a 
spectrometer-goniometer, replacing the ordin- 
ary collimator by two successive slits in leaden 
screens (lead being impervious to X-rays), 
and the telescope by an ionisation tube, the 
diffracted or reflected X-rays passing within 


the latter and ionising the vapour of methyl 
bromide or gaseous sulphur dioxide contained 
therein, the electrical effect being com- 
municated to an electroscope and measured 
as to its intensity. It was found that ro- 
flo(!tion of the X-rays at any plane of atoms 
(really a large number of parallel planes 
inside the ciystal having the same relations 
to the crystal symmetry) ()(K!urre<l only at 
ccbrtain spccilic glancing aiigU^s, the facts being 
expressed by the following equation, which 
is of similar kind to that governing the action 
of a diffraction grating toward light waves : 

7i\ r-.2d sin Of 

whore n is the order of X-ray spectrum, X 
the wave-length of the X-rays (the Braggs 
using “ monochromatic ” X-rays instead of 
the more general X-radiation omi)loyed by 
Lane and his (u)lloagues), d is the “■ H])acing ” 
of (distance between) the parallel planes of 
atoms affording the reflection, and 0 is the 
glancing angle of reflection (that is, the angle 
from the plane, not from the normal to the 
plane). Knowing the wave-length of the 
X-rays employed — and Sir William Bragg 
had determined this with considerable accuracy 
for the rays from certain spocUio antioathodes, 
notably those of palladium — it is obvious 
that this important equation affords us, in 
the value of i the absolute distance between 


the planes of atoms, and between the atoms 
themselves wlien planes normal to all three 
directions of space are investigated ; indeed 
it gives us the absolute lengths of the edges 
of the space-lattice cells. 

Really satisfactory results, consisting of a 
definite determination of the positions of all 
the atoms, have only so far been 
obtained with substances of re- 
latively simple chemical composi- 
tion. They are divisible into two 
very distinct types: (1) those in 
which the positions of all the 
atoms arc fixed by the symmetry, 
by the nature of the space-lattices 
or other point-systems present, 
which are clearly recognised by 
the X-ray analysis ; and (2) 
those in which only the atoms of 
one or more of the dominating 
elements present — the metal, for 
instance, in a salt or binary 
compound — are thus fixed, while 
the atoms of another element or 
other elements are permitted 
some latitude within certain limits, 
the exact positions being deter- 
minable by the X-ray analysis. 
Three instances of the former 
fixed typo are : (a) many native 
metals, copper for instance, the 
structure of which is simply that 
of the face-centred cube lattice 
already illustrated in Fig. 2(5 ; (6) potassium 
or sodium chloride, KOI (sylvine) or NaCl 
(rock-salt), shown in Fig. 28 ; and (c) zinc 
blonde, ZnS, portrayed in Fig. 29, 



Two instances of the latter type, with one 
or more variables, are iron pyrites, FeS^, 
and calcium carbonate, OaCOj, the positions 
of the sulphur and oxygen atoms being allowed 
a certain choioo of position along particular 
linos ; these positions have been exactly 
determined by quantitative X-ray analysis. 



ORYSTALLOGRAPHY 


The structure of iron pyrites is shown in Fig, 
30, which is the reproduction of a photograph 
of a model. Th^ case of calcium carbonate 
is more complicated, as the structure appears 
to be built up of calcium atoms and of CO 3 
groups, in which the oxygen and carbon atoms 



Pig. 30. — ^The Structure of Iron Pyrites. 


are very closely bound together, for a reason 
to be presently explained (the sharing of 
certain electrons in common). 

In the case of copper crystals the atoms are 
all alike, being those of the element copper, 
and their arrangement is that of the face- 
centred-cube space-lattice. In the cases of 
the chlorides of sodium and potassium, how- 
ever, two kinds of atoms, those of the alkali 
metal and of chlorine, are present. Now the 
Bragg method has revealed another important 
and very helpful fact, that the intensity of 
X-ray reflection from a crystal face (really 
from the planes of atoms within the crystal 
parallel to the face) is proportional to the 
mass of the atoms composing it, and the 
atomic weight or atomic number may be 
taken as representing the mass of the atom. 
Hence, as potassium possesses the atomic 
weight 39 and chlorine 35*5 the masses of the 
atoms in sylvine are nearly alike. But as 
sodium has the much lower atomic weight, 23, 
there is a distinct dissimilarity in the masses 
of the two kinds of atoms composing rock- 
salt. The effect of this is curious. Referring 
to Fig, 28, it will be seen that the cube planes 
( 100 ) are all composed of equal numbers of 
metallic and chlorine atoms, while the octa- 
hedral planes ( 111 ), shown in dotted lines, are 
alternately composed all of chlorine and all 
of metallic atoms. The effect in the case of 
rock-salt is as t£ there were two interpenetrat- 
ing space-lattices of the face-centred cube, of 
different reflecting power, composed solely of 
sodium and of chlorine respectively, each of 
double the spacing ; the first order spectrum 
becomes consequently weakened, while the 
second order is abnormally strong, the third 
order nearly disappears, but the fourth order 
reflection is quite good. On the other hand 


potassium chloride (sylvine) crystals behave 
as if the structure were of one kind of atom 
only, and the space-lattice is that of the 
simple cube, the small cubes of Fig, 28. 

§ (16) Debye and Soherrer. — Yet a third 
method of X-ray analysis has been devised 
and most successfully used by P. Debye and 
P- Soherrer, and independently by A. W. Hull, 
in which the crystal is pulverised and the 
powder compressed into a rod, placed in the 
axis of a cylindrical photographic film and 
subjected to “monochromatic*’ X-rays. 
Characteristic interference curves are shown 
on development of the film, afforded by such 
particles (and among the infinite variety of 
orientations of the particles some such arc 
bound to be present) as are correctly orientated 
to give the reflections from their planes of 
atoms. These three methods, the Laue 
radiographic, the Bragg spectrometrio, and 
the Debye and Scherrer powder - method, 
of X-ray analysis, most wonderfully confirm 
and supplement one another. 

Sir William Bragg has since shown that the 
powder method may be adapted for use with 
the X-ray spectrometer, it being only necessary 
to paste the powder on the flat surface of a 
holder placed on the spectrometer instead of 
the crystal. 

§ (17) Strtjotttre as determined by 
X-RAYS. — Careful examination of the reflec- 
tions of X-rays at the various glancing angles 
corresponding to the different orders of 
spectra {%), as regards both the determination 
of the exact angle and of the relative intensity, 
ha« enabled the structure of a large number 
of substances of more or less simple character 
to be determined and their cell dimensions 
to be measured. 

(i.) Zinc Blende^ Diamond, and Fluorspar, 
— That of zinc blende, ZnS, is shown in 
Fig. 29. The zinc atoms occupy the comers 
and centres of the large cube faces, but the 
sulphur atoms occupy the centres of alternate 
small cubes. Moreover, if we replace both 
zinc and sulphur by carbon atoms wo have 
the structure of the diamond. Again, if tlic 
zinc atoms be replaced by calcium atoms, 
and the centres of all the cubolcts (not 
only alternate ones) be filled with fluorine 
atoms, we have the structure of fluorS])ar, 
CaF.^. In all these cases the structure- 
lattice itself fixes the positions of all the 
atoms. 

(ii.) Iron Pyrites. — In the case of iron 
pyrites, shown in Fig. 30, only the iron atoms 
are fixed by the lattice itself, of which th(\y 
form the corners, like the zinc and calcium 
atoms of zinc blende and fluorspar. The 
sulphur atoms, however, in iron ])yrit(‘s are 
not at the centres of the cubolcts, but (‘acdi 
is moved along one of the diagonals (a trigonal 
axis), chosen complomentarily as shown in 



CRYSTALLOGRAPHY 


^3 


tho figure, to a position the exact location 
of which has been determined with groat 
accuracy ; as no iron atom is present at tho 
oornor near which the sulphur atom is arranged, 
its next neighbour will be another sulphur 
atom, as shown about the central comer in 
Fig. 30. 

(iii.) Qarbon and its Compounds . — The struc- 
ture of diamond has already been given in 
(i.) ; that of tho other form of carbon, graphite, 
has been determined by the powder method, 
by Debye and Scherror, by Hull, and by Sir 
William Bragg, and found to be, as expected, 
that^ of a trigonal space-lattice. Now it is 
particularly interesting that the two struc- 
tures, of diamond and of graphite, correspond 
to two different arrangements of the four 
valency bonds of carbon. Those of diamond 
(cubic) are arranged tetrahcdrally, each carbon 
atom being attached to four others situated 
at tho comers of a tetrahedron (of which it 
forma the centre) resting on one of its faces, 
one bond being thus upright and the other 
throe radiating and slanting downwards like 
a tripod. In graphite there are three principal 
valencies in a plane, which is puckered accord- 
ing to Hull, and a fourth feebler one perpen- 
dicular to tho piano. Further, Sir William 
Bragg has shown that the same puckered 
pianos exist in both diamond and graphite, 
and that their repetition in tho structure 
results in the formation of six-oarbon-atom 
rings. Moreover, if we take two such layers 
of a diamond structure model and remove 
one of them further away from tho other 
while at tho same time giving it some rotation, 
we produce a model of gra])hito. Tho greater 
separation of tho pianos is also accompanied 
by some tightening up of the atoms in the 
puckered plane, and the two occurrences 
togc^ther d<^t(M’mino that graphite has great 
cohesion in the })lane and very slight at right 
angles to the plane ; hence, it cleaves parallel 
to the plane so readily as to bo ac^tually soft 
enough to act as a lubric.ant. On the other 
hand, diamond is the hardest substance known. 

Most interesting of all, however, is tho fact 
brought to light by Sic William iiragg, that 
tlu’ise hexagonal six-atom rings ])orHist as 
Hucih in the aromatic oivrbon compounds. 
Benzene itsc^lf, has not yet been investi- 

gated as the (crystals melt at (i'’ C. But there 
is good ground for believing that it consists 
entirely of siuili hexagonal carbon rings with 
attacdied hydrogen atoms. Naphthalene, how- 
ever, which has two benzene rings in 

its constitution, two carbon atoms being 
common to tho two rings, crystallises well, 
and antbraoono, well enough for tho 

powder method, this hydrocarbon having 
three benzene rings with four carbon atoms 
in (sommon. On analysis by tho X-ray 
spoctromotric method it was found that tho 


monoclinic space-lattice cells of each substance 
contained two molecules of the hydrocarbon, 
and their absolute dimensions were determined. 
The corners of the cells, and also the centres 
of their basal plane faces, are each occupied 
by tho double benzene ring of naphthalene or 
the triple one of anthracene, each acting as 
an entity, the hydrogen atoms being accom- 
modated in the spaces left around these 
structures. Further, the double benzene 
rings were also found to remain intact in the 
derivatives of naphthalene, the particular 
ones studied being acenaphthene, the a- and 
^-naphthols, and a-naphthylamine. The oeU 
dimensions of these substances were deter- 
mined in absolute measure, and the cells 
found to contain four molecules of the sub- 
stance in all four cases- 
In these remarkable organic structures it 
is clear that the molecules persist in the 
crystalline state, and a clear case is afforded 
which should check the tendency to conclude, 
from the early X-ray results with very simple 
binary compounds, that atoms alone need be 
considered in the crystalline state, and that 
molecules no longer persist. Such a conclu- 
sion was in any case premature, and there are 
many reasons why it was difficult to believe. 
For saturated — indeed supersaturated — solu- 
tions, and not dilute, are concerned in 
crystallisation, so that ionic dissociation is 
excluded ; and the molecules which deposit 
themselves in orderly fashion in forming the 
crystal are reproduced, or others indistinguish- 
ablo from them, when the crystal edifice is 
taken down again by solution or fusion. 

(iv.) Alkali SulphcUes. — As an example 
coming under tho writer’s own personal 
observation, of the highly satisfactory manner 
in which these results confirm the work of 
crystallographers, the case of the rhombic 
alkali sulphates may bo quoted. Tho sulphur 
atoms wore found to bo located at the comers 
and face-centres of tho unit rectangular 
prism, practically like Fig. 28, except that 
tho rectangular spacings (edges of the prism- 
ooll) were not equal, the block or cell being 
not cubic but rectangular rhombic. Tho 
metallic atoms, of potassium, rubidium, or 
caesium, arc arranged hoxagonally, which is 
in remarkable accordance with tho well- 
known olosonoss of potassium sulphate and 
its iflomorphs to hexagonal symmetry, the 
angles in tho prism zone being only a ‘few 
minutes removed from exactly CO® and 30®, 
The table on following page shows the writer’s 
published values for tho molecular volumes and 
topic axial ratios (tho relative dimensions of 
the space-lattice colls) for tho four salts of 
tho series, and also the absolute dimensions 
and volumes as determined by means of 
X-rays with tho same crystals (grown and 
measured by the writer) by Prof. Ogg and 
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Mr. F. L. Hopwood in Sit William Bragg’s a periodic one like that just referred to, with 
laboratory* The correspondence is striking, the electro -positive alkali metals at the 
indeed if the writer’s relative values be summits of the periods and the halogens and 
multiplied by 10"'^ and considered as oenti- other electro-n^ative elements at the de- 
metres the, absolute values as fixed by X-ray pressions ; it is shown in Fig. 31. The sphere 
reflection are practically reproduced. More- of which this “ atomic diameter ” is the 
over, the almost perfect isostructure (equality diameter is the limit of approach to that of 
of cell dimensions) of the rubidium and any other atom, and in the simplest structures, 
ammonium salts is fully confirmed. Incident- the crystals of the elements themselves, it is 
ally, this is a fact which clearly shows the the actual distance of separation of the 
fallacy of the Pope and Barlow valency centres of the atoms from one another. The 
volume theory, which would require that the law is proving very helpful in elucidating 
volume of the ammonium salt should be twice further more complicated crystal structures ; 
as great as that of rubidium sulphate, the for no two atoms can occupy, or be assigned, 
respective valency volumes of the two salts closer positions than the sum of their two 
being 24 and 12. radii. 

CoMPAEisoir OF Moleoulab Volumes and Spaob-ratios with Absolute Dimensions 

OF Spaoe-lattioe 


Salt. 

Molecular 

Volume. 

Topic Axial Ratios, 
i/f for KaS 04 =*l. 

X • 'P : « V 

Absolute Lengths of Sides of Unit 
Rhomb. 

a h 0 

Volume of 
Unit Rhomb. 

KaSO* . 
RbaSO* . 
(NH4)aS04 
CsaSO* . 

64-91 

73- 34 

74- 04 
84-58 

0-6727:1-0000:0-7418 
0-5944; 1-0387: 0-7774 
0-6946: 1-0662; 0-7723 
0-6213:1-0877:0-8191 

cm. cm. cm. 

6-731x10“® 10-008x10“® 7-424x10“® 
6-949x10“® 10-394x10“® 7-780x 10“® 
6-961x10“® 10-660x10“® 7-729x 10“® 
6-218x10“® 10-884x10“® 8-198x10"® 

426-78x10-®^ 
481-14x10“®'* 
486-71x 10“®* 
564-88 X 10“®* 


§ (18) Thb Law of Atomic Diametbbs. — § (19) X-bay Crystal Analysis and 
Another remarkable principle has more Atomic Structure. — Finally, X-ray analysis 
recently been deduced by Prof. W. L. Bragg in the hands of the Braggs is now affording 
from a consideration of all the X-ray analyses some indication also of the structure of the 
obtained up to the beginning of the year 1920. atoms composing the crystal structure. It 
It is that the atoms of each chemical element appears quite likely that the sphere just 



Atom/c Numbers of the Elements . 


Fig. 31. — ^Tho Curve of Atomic Diameters. 

possess the same diameter (regarding the referred to as representing the limiting surface 
atom as a sphere) in all the compounds of the atomic domain is the outer shell of 
of that element studied, and these fixed and electrons. More careful study of the intensities 
definite diameters are related, not as the of the reflections of the various orthu-s of 
valencies of the elements (as they are supposed X-ray spectra from the diamond (from the 
to be in the Pope and Barlow theory), but tetrahedron planes of atoms), and from fiuor- 
in a manner reminiscent of the relations of spar, are affording indications of something 
their atomic volumes, as shown in the well- — probably connecting electrons — disiiorsed 
known curve of Lothar Meyer. The curve is tetrahedrally in the case of the diamond, and 
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one-third to one-quarter of the way between 
the calcium and fluorine planes in the case 
of fluorspar. Also by using X-rays rendered 
more strictly monochromatic by preliminary 
reflection from rock-salt, much more accurate 
determinjitions of intensity have been obtained, 
such indeed as can be expressed by a definite 
mathematical formula. Among the various 
factors which make up this formula there is 
one which relates to the positions of the 
electrons of the outer shell, and this again 
assists in obtaining indications of the positions 
of these electrons. Hence, it is probable 
that further researches will afford us not only 
accurate X-ray analysis of crystal structure, 
but also of atomic structure. 

The results so far are more in unison with 
the Lewis-Langmuir version of the theory of 
atomic structure than with the Bohr-Sommer- 
feld variety. There is distinct evidence of the 
sharing of electrons by the electro-negative 
elements, and in cases of the combination of 
an electro-positive element with an electro- 
negative one, such as that of potassium and 
chlorine to form crystals of sylvine, KCl, 
that the one (here the potassium atom) loses 
an electron, whilo the other (here the chlorine 
atom) takes it up. In each of these two cases 
the more stable outer shell of the argon type 
with 18 electrons appears to be formed with 
each element, the number of electrons of 
these two elements, potassium and chlorine, 
being 19 and 17 respectively, corresponding to 
their atomic numbers in accordance with the 
immensely important law of Moseley. The unit 
excess of positive charge left on the nucleus of 
the potassium atom, and the negative excess 
unit charge of the added electron on the chlor- 
ine atom, act as the attractive connecting 
force binding the two atoms together. 

§ (20) OrYSTALLOORAPHIO SlONIFIOANOE OF 
Moseley’s Law. — The law of Moseley just 
referred to has also a profound crystallographic 
significance. This law, which it will bo re- 
membered emerged from Moseley’s last two 
memoirs on “ High Frequency Spectra ” (ho 
was killed at Suvla Bay, Dardanelles, 1915), 
is the essence of atomic structure, as now 
generally agreed, and is not dependent on the 
special features of either the Bohr or the Lang- 
muir versions. It stipulates that the positive 
charge on the nuc^leus is N units, where N is 
the atomic number, the sequence number of 
the element in the periodic table, and that 
there are N electrons, each of unit negative 
charge, surrounding it, to counterbalance the 
nucleus and form the atom. According to 
Langmuir these electrons are arranged in 
successive shells containing 2, 8, 8, 18, 18, 
and 82 electrons as wo proceed along the 
periodic table, whilo according to Bohr, the 
shells comprise successively 2, 8, 18, 32, 18, 
and 8 electrons. Which of the two versions 


is correct is for the moment immaterial as 
regards the point now desired to be emphasised. 
This is that the progression in complexity of 
the atoms provided by IMosoley’s law explains 
most fully and satisfactorily the progression 
in the crystallographic elements, angles, space- 
lattice cell-dimensions, and in the optical 
and other physical properties, which has been 
observed by the writer to occur in the two 
large and important rhombic and monoclinic 
series of isomorphous salts (sulphates and 
selenates, and double sulphates and, selenates 
with 6HgO) containing the alkali metals, 
potassium, rubidium, and caesium, when 
potassium is replaced by rubidium and the 
latter in turn by caesium. For it has been 
shown that these strongly electro-positive 
elements form the summits of the Bragg curve 
of atomic diameters, as clearly shown in Fig. 
31, and their atoms increase in complexity by 
a complete shell of electrons at each step (from 
potassium to rubidium, and from rubidium to 
caesium), and their atomic numbers are 19, 
37, and 65, differing by equal steps of 18. 
Hence, this regular addition in mass and 
complexity of the atom at each step is bound 
to produce a corresponding crystallographic 
progression, such as has been so fully revealed 
by the writer’s work of many years, and which 
has now been so strikingly confirmed by the 
direct absolute measurement of the space- 
lattice cells by means of X-rays. 

§ (21) Optical Properties oe Crystals, — 
The physical properties of crystals — their 
Optics, their Thermal, Elastic, Electrical, and 
Magnetic Properties — are of equal importance 
and interest to the Morphological characters 
which have been considered in the preceding 
pages. For all of them are profoundly affected 
by the symmetry, inasmuch as this symmetry 
is not only that of the exterior form but of 
the internal structure. Indeed, it has already 
been made clear that the former is but the 
natural cx-j')rcssion of the latter. 

The optical properties ^ are of prime import- 
ance as being easily observed atid often 
characteristic of the particular substance, and 
also because they frequently afford the moans 
of readily deciding as to the typo of symmetry, 
when tho goniomotrical examination loaves a^ 
doubt botwocn certain altornativos or when 
crystals of adequately perfect exterior form 
are unprocurable. Three main operations are 
in general involved in tho optical investigation, 
and they are all connected with the central 
fact that tho optical properties of a crystal 
may bo represented by an ellipsoid of general 
form, that is, one of which the three rectangular 
principal axes are \inequal in length. Two 
varieties of tho ellipsoid have boon used, the 
vibration-velocity ellipsoid of Fresnel, and its 

» Hoc ** Llffht, T)oiiblo Bofraction of" : also "Polar- 
ised Light," §§ (6)-(16), oto. 
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polar reciprocal, the indioatrix of Fletcher. 
The latter is the simplest and most useful for 
all practical purposes, as its axes are directly 
represented by (proportional to) the principal 
optical constant, the refractive index, corre- 
sponding to light vibrating along each of , 
those three im portant directions. Hence, the 
main task in practical crystal-optics is to 
determine the refractive index of the crystal 
in the three rectangular directions correspond- 
ing to the axes of the optical indioatrix. The 
determination of refractive index is an opera- 
tion familiar in the physical laboratory, and 
it is only necessary here to mention that it 
involves the measurement of the angle of the 
prism (on the goniometer, like a crystal 
angle), and that of minimum deviation for 
light of a number of wave-lengths distri- 
buted through the spectrum, the same gonio- 
meter - spectrometer being 
used for both operations. 

We have first, however, 
to know these three axial 
directions of the indioatrix, 
and if they are not already 
fixed by the development 
of high symmetry on the 
crystal, to determine them, 
the determination of two 
sufficing to fix aU three. 

This is achieved by ex- 
amination of the pheno- 
mena afforded by plates of 
the crystal in parallel and 
convergent polarised light. 

Now the greater the sym- 
metry present the simpler 
this task becomes. If the 
crystal possess the perfect cubic symmetry 
the optical properties are the same in all 
directions within the crystal, and the ellipsoid 
becomes a sphere ; a 60° prism cut out of the 
crystal in any direction wUl, therefore, give us 
the refractive index, just as if it wore glass. 
There is consequently for a cubic crystal but 
one refractive index for light of any one 
wave-length. If the symmetry be that of 
the tetragonal, hexagonal, or trigonal system 
the ellipsoid becomes one of rotation about 
the tetragonal, hexagonal, or trigonal axis 
of symmetry. The refractive index for light 
vibrating along that axis will thus be different 
from that vibrating in any other direction, 
the maximum difference being for all rays 
vibrating in the circular section of the ellipsoid 
perpendicular to the axis. These two extreme 
refractive indices are respectively labelled e 
(vibrations parallel axis) and w (vibrations 
perpendicular axis and in circular section). 
If w be the greater, a.s for caloite OaCOj, the 
crystal is conventionally negative, but if e 
have the higher value, as for quartz, SiOg, 
the crystal is said to be positive. Light 


travelling along the axis remains a single beam, 
as its vibrations are all in the circular section. 
But light travelling in any other direction is 
doubly refracted, a bifurcation into two rays 
occurring, one of which always affords the 
index w and is an ordinary ray, while the 
other is an extraordinary ray which only 
affords e when its vibrations occur parallel 
to the axis. Hence, tetragonal, hexagonal, 
or trigonal crystals are optically “ uniaxial.” 

In actual practice a 60° prism is cut so that 
the refracting edge is parallel to the tetragonal, 
hexagonal, or trigonal axis ; this prism affords 
immediately e and w ; for the ray traversing 
it at minimum deviation passes along a 
diameter of the circular section, and divides 
into two rays vibrating perpendicularly to 
its path and polarised at right angles to each 
other, one of which vibrates parallel to the 
refracting edge and axis and 
affords e, while the other 
vibrates in the circular 
section and affords w. 
The two images of the 
signal-slit corresponding to 
these two rays can readily 
be distinguished by moans 
of a Niool prism x>Iaced in 
front of the telescope eye- 
piece of the goniometer- 
spectrometer. 

There is usually no 
difficulty in recognising a 
uniaxial crystal, and find- 
ing the position of its axis. 
For a plate cut perpendicu- 
larly to the latter exhibits 
in convergent polarised 
light the well-known interference figure con- 
sisting of circular iris-coloured rings and a 
co-oentral black cross, the former being curves 
of equal retardation of one of the two rays 
behind the other, and the cross markmg the 
directions of vibration of the crossed Nicols. 
The goniometry will have indicated the 
direction which is probably that of the tetra- 
gonal, hexagonal, or trigonal axis, and a plate 
out or ground from the crystal pcrpendieiilarly 
to this direction can readily bo tested for the 
production of this unmistakable uniaxial inter- 
ference figure, a photographic rex)roduction of 
which is given in Fig. 32. 

The more general case of an optical ellipsoid 
with throe unequal rectangular X)rincipal axes 
corresponds to rhombic, monoclinio, or tri- 
olinio symmetry. The directions of the throe 
axes arc identical with those of the rhombic 
axes, but only one crystallographic axis, the 
symmetry axis 6, is coincident with an axis 
of the ellipsoid of a monoclinic crystal, and 
in the case of a triclinic crystal there are no 
coincidences of morphological and oi)ticu\.l 
axial directions. In order to determine the 



Fig. 32. — ^Uniaxial Interference Figure in 
Oonvergent Polarised Light. 
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three refractive indices a, /3, 7 , corresponding to 
vibrations parallel to the three respective axes 
of the ellipsoid, wo can proceed at once in the 
case of a rhombic crystal to cut or grind and 
polish three 60° prisms, so that the refracting 
edge of each is parallel to one of the crystallo- 
graphic axial directions (a different one in each 
case), and so that the bisecting plane of the 
piism is parallel to a principal plane of the ellip- 
soid; this plane will then also contain a second 
axis of the ellipsoid. Hence, such a prism affords 
two images of the signal-slit of the spectrometer, 
corresponding to two of the refractive indices, 
say a and jSJ, or /3 and 7 , or a and 7 . Two of 
the prisms suffice to afford us all three indices, 
and one in duplicate ; but the three prisms 
give each index twice over, affording an excel- 
lent test of accuracy. Each index is, of course, 
determined for light of a convenient series of 
wave-lengths distributed over the spectrum. 



ITia. 33.— Biaxial Intcrferoncc l^lgure in 
Oonvorgont Polarised Light. 


In the case of a monoclinic crystal wo have 
fimt to determine the situation of the two 
rectangular axes of the ellipsoid which lie in 
the symmetry plane. Wc do this by cutting 
or grinding a plate parallel to the symmetry 
plane, leaving the faces along its edge un- 
damaged so as to serve as reference faces. 
This is then plac^ed in tlie polariscope arranged 
for parallel light, and the direcstions dotor- 
minod (with roRpe(^t to one of the reference 
faces) for which the dark hold of the crossed 
Nicols is ropi’oduccd. These two perpendicular 
directions are those of the required axes of 
the ellipsoid. We tlu'ii know all three axes of 
the indicatrix and can j>roceed to j)reparo the 
three prisms as in the case of a rhombic crystal. 

The case of a trielinic crystal is more 
difficult, but the sequence of operations is 
the same ; the seotion-platos rociuired to lix 
the directions of the axes of the ellipsoid by 
extinction doterminatit)ns need, liowever, to 
be more numerous. 

We then proceed to study the interference 
l)honomona in convergent polarised light. Jfur 


a general triaxial ellipsoid must have two 
radii lying m its principal section-plane (that 
containing the a and 7 axes) which are equal 
to the intermediate axis perpendicular to 
that plane, and so has two circular sections 
perpendicular' to which there will apparently 
be equal (no double) refraction and the 
property of an optic axis exhibited. Hence 
rhombic, monoclinic, and triclinic crystals are 
“ biaxial,” and if a plate he cut perpendicular 
to that axis of the ellipsoid which is the 
bisectrix of this acute optic axial angle, we 
shall see (in the dark field in convergent 
polarised light) the well-known biaxial figure 
of iris-coloured lemniscates (rings, loops, and 
ellipse-like curves) and dark extinction brushes, 
as shown in Fig. 33. The two optic axes are 
at the central points of the two systems of 
rings, and are further indicated by the fine 
vertices of the hyperbolic brushes, which pivot 



Fig. 34. — ^Biaxial Interference Figure with 
Nicols rotated simultanconsly 45°. 


about the optic axes when the plate is rotated 
in its own plane, or when the two Nicols 4 ire 
simultaneously rotated instead, as shown in 
Fig, 34 for 45° of rotation. The angle between 
the optic axes as thus seen in air is not the 
true angle within the crystal, but this latter 
can he determined by preparing a second 
section-plate perpendicular to the obtuse 
bisectrix, and measuring the apparent optic 
axial angle of both plates in one and the same 
highly refractive liquid, when the following 
simple formula enables us to calculate the 
true angle 2V^f within the crystal, from the 
apparent acute and obtuse angles 2 Ha and 
2 Ho in the liquid : tan V<»=sin Ha/sin H^. 

These measurements must also bo made for 
monochromatic light of the same series of 
wave-longths as the refractive indices ; for in 
general the angle is dispersed like a spectrum, 
and is different for each wave-length, giving 
rise to the chromatic effects seen in white light. 
Indeed, this dispersion is sometimes so great 
that for rod light the optic axes are separated 
in another (perpendicular) plane to that 



Fig. 35. — Tho Cutting and Grinding Goniometer. 


It will now be clear that tho optic axial apparatus is also provided which effectually 
phenomena afforded by a crystallised substance prevents fracture of the crystal. There arc 
are always specific and very often characteristic also labour - saving devices for pre])aT’iiig a 
of the crystals of the substance. It will be second surface parallel to a first, or at ()()° (or 
obvious, however, that a ready mode of any other definite angle) to the first. With 
producing pure monochromatic light of any this instrument the many hundreds of section- 
wave-length is essential, and also a means of plates and CO® prisms used in tho writer s 
preparing parallel faced and truly piano researches have been prepared, and the 
section-plates and GO® prisms of any required accuracy of the results is largely due to it. 
orientation as regards the crystal faces and § (22) Other Physical Properties of 
structure. The former is very conveniently Crystals.— Just as the symmetry of a crystal 
afforded by tho apparatus just referred to, imposes its determinative and controlling effect 
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on the optical properties of the crystal, so does 
it also in like manner determine the orienta- 
tive character of the thermal, electric, magnetic, 
and elastic properties. The limits of this 
article have been reached and these properties 
will be found more or less dealt with under 
other articles of this Dictionary. But from 
the practical point of view it should be stated 
here that as crystals are usually such small 
objects the most refined methods of measure^ 
ment are required, the ordinary large-scale 
methods of the ’ physical laboratory being 
quite inapplicable. The wavelength interfero- 
meter is therefore the indispensable instrument 
of measurement. Indeed, it was in order to 
measure the thermal expansion of crystals 
that Fizeau devised this interferometric 
method, using curved interference fringes in 
sodium light as the unit of the scale. The 
difference of expansion of the screw-legs of a 
platinum tripod carrying a plano-convex lens, 
and of the crystal resting below the lens on 
the table (through which the three screws 
forming the tripod pass) of the tripod, was the 
actual obj ect of the measurement. The method 
has been brought to greater perfection in the 
writer’s interference dSatometer, in which half- 
wave-length rectilinear interference bands in 
the more purely monochromatic red hydrogen, 
red cadmium, or yellow neon light (the two 
latter being absolutely monochromatic, afford- 
ing none of the secondary interference in 
periods, so disconcerting with sodium light) 
are used as the coarse units ; and as these are 
suitable for use with a micrometer, the 
hundredth part of such a unit is readily 
measurable. Thus the one-eight-millionth of 
an inch, or the one -three -thousandth of a 
millimetre, is the fine unit. A platinum- 
iridium tripod carries a glass plate (not a Ions) 
to fuinish one of the surfaces (that resting on 
the tops of the throe tripod-forming screws) 
reflecting tho interfering light, the crystal 
upper surface itself, or the surface of an 
aluminium or black glass disc carried by it 
furnishing tho other. (Aluminium is especially 
suitable, as by its large expansion a stout disc 
nearly compensates for tho expansion of the but 
slightly expanding platinum-iridium screws.) 

An ada])tation of the same principle, and 
part of the same optical apparatus, to tho 
determination of tho elastic bending of a plate 
or bar of tho crystal is also used in tho writer’s 
clasmomotor, whi(ih confers the same accuracy 
on tho determination of the modulus of 
elasticity of crystals. As in order to complete 
tho elastic constants of a crystal torsion 
determinations are also required, a torsion- 
meter has also now boon constructed and 
installed in tho author’s laboratory, for the 
application of this same refined intorferomotrio 
method to tho much more difficult task of 
determining tho modulus of torsion of crystals. 


Moreover, this new instrument is an interfero- 
meter of general application ; for it possesses 
all the essential features of the interference 
comparator for standards of length, con- 
structed under the writer’s supervision for 
tho Standards Department of the Board of 
Trade, and will enable the determination to 
be carried out of any very minute movement 
or short distance in general, such, for instance, 
as the very small piezo -electrical movements of 
crystals which are so much in need of further 
study. A very large field of wonderfully 
steady black interference bands on the 
coloured ground of the monochromatic light 
employed is afforded, and one of the reflecting 
surfaces producing the interference is actually 
carried by the observing travelling microscope, 
the lateral movement of which over a V-and 
plane bed is effected by an extremely fine 
screw, and so steadily that tho interference 
bauds traverse the field parallel to the pair 
of vertical spider-lines without the slightest 
flicker, and can be held at any position for 
any length of time at tho will of the observer. 

Full details of all these instruments for 
crystallographic research (and for much more 
general physical purposes at the same time) 
will bo found in the writer’s Crystallography 
and Practical Crystal Measurement (Macmillan 
& Co,), vol. i. of the 2nd (1922) edition of which 
deals with crystal morphology, and vol. ii. 
with the physical properties of crystals. 

In conclusion it may be emphasised that 
in all these refined measurements it has been 
fully confirmed that the internal structural 
symmetry of crystals, which is so beautifully 
exhibited in their exterior form, rules also abso- 
lutely over even tho minutest details of their 
physical properties. For this reason the study 
of crystals should appeal more and more in 
tho future to physicists, and a knowledge of 
Crystallography has now become one of the 
most valuable aids to original investigation in 

A. B. ir. T. 


Crystals, Optical Properties of. See “ Crys- 
tallography,” § (21). 

Physical Properties of ; thermal, electric, 
magnetic, and elastic, Seo ibid, § (22). 
Relation between morphological and optical 
properties. See “ Polarised Light and its 
Applications,” §§ (7) (iv.) and (10). 

Tho Seven Systems of. See “ Crystallo- 
graphy,” § (7). 

CUHVATURTfl OX<’ FiBLD OTT AN OttIOAL INSTRU- 
MENT. One of tho five third-order aberra- 
tions of a lens. Sec “Lens, Theory of 
Simple,” § (11) ; also “ Tolesoo])e,” § (3). 

Cut Class, Preparation of. See “ Glass,” 

§ m- 

OZUDNOGIIOWHKT, VoN, PUOTOMICTER. Soo 
“ Photometry and Illumination,” § (108). 
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Damping Ebbob op Gyb'o Compass. See 
“ Navigation and Navigational Instru- 
ments,” § (15). 

Daylight Attachment fob Illumination 
Photometebs. See “Photometry and Il- 
lumination,” § (76). 

Daylight Factob. See “Photometry and 
Illumination,” § (76). 

Daylight Illumination. See “ Photometry 
and Dlumination,” § (74) et seqq. 

Dead Reckoning : method of determining a 
ship’s position. See “ Navigation and Navi- 
gational Instruments,” § (8). 

Debye and Schebbeb’s method of X-ray 
analysis, in which the crystal is pulverised 
and the powder compressed into a rod, 
placed in the axis of a cylindrwal photo- 
graphic film and subjected to ‘ mono- 
chromatic ” X-rays. Characteristic inter- 
ference curves are shown on development of 
the film. See “ Crystallography,” § (17). 

Decomposition of Glass, caused by chemical 
re-agents. See ** Glsiss, Chemical De- 
composition of,” § (2). 

Density of Glass. See “ Glass,” § (22). 

Detail Subveying, general methods. See 
“Surveying and Surveying Instruments,” 

§ ( 15 ). 

Deviation of Compass, method of correction. 
See “ Navigation and Navigational Instru- 
ments,” § (12). 

Devttbification : destruction of the vitreous 
character of glass, by partial or complete 
crystallisation, generally of silicates. See 
“ Glass,” § (20) ; also “ Glass, Chemical 
Decomposition of,” § (1). 

Diaphbagm Test, Bishop Harman’s, a popular 
form of photometer used in the British 
Army. See Ophthalmic Optical Appar- 
atus,” § (3). 

Diffbaction : the term used to denote the 
departures from the law of linear propaga- 
tion which occur when light waves pass 
an obstacle of any character. For the 
effects of diffraction in the production of 
grating spectra see “Diffraction Gratings, 
Theory of,” §§ (2) and (4). 

Diffbaction : effect on theory of telescopes. 
See “ Telescope,” § (7). 

Diffbaction: effect of, in vision. See “Eye,” 
§ (23). 

Diffraction Gbating, theory and use of, in 
wave-length measurements. See “ Wave- 
lengths, The Measurement of,” § (2). 


DIFFRACTION GRATINGS, THE MANU- 
FACTURE AND testing of 

Intboduotion. — The ideal grating consists 
of a large number of grooves or “ lines ” on 
an optical surface. The grooves should all 
be exactly alike ; and if the surface is plane, 
they must also be exactly straight, parallel, 
and equidistant. If the surface is spherical 
the grooves, as projected on the tangent piano 
to the sphere at the centre of the grating, 
should be straight, parallel, and equidistant. 

It is needless to say that the ideal grating 
has never been realised, and never will bo. 
The best existing gratings do, however, 
approach it very nearly — the degree of 
approximation being about the same as that 
of a good telescope or microscope objective to 
the ideal objective. 

It is the purpose of the present article to 
give an account of the manufacture of gratings, 
which will include — 

I. A brief description of the ruling machine 
(Rowland’s) with a description of the process 
of making those parts of the machine which 
are of essential importance, and numerical 
estimates of the accuracy rc(](uirod in each. 

II. An account of the method of testing the 
performance of the machine after it has been 
assembled, and a brief account of the method 
of testing a grating. 

I. The Ruling Machine 

§ (1) General Desobiptton of Rowland’s 
Ruling Machine. ^ — The main frame {tiQ) {Fig. 
1) supports two sets of ways, at right angles 
to each other. The plate carriage (11) moves 
on one of these, the ruling or diamond carriage 
(6) on the other. The feed screw (12) rcHts in 
bearings supported by the main frame and is 
prevented from moving longitudinally by the 
thrust screw (14). As the feed screw is rotated 
by turning the spacing wheel (23) the nut (15) 
moves toward the latter, and by means of the 
thrust collar (20) its motion is communicated 
to the plate carriage. The ruling carriages 
ways consist of two pairs symmotricially 
placed, one pair on each side of the plate 
carriage, as may be seen from Fig. 1. TIu^ 
ruling carriage is moved backwards and 
forwards by moans of a crank on the 7}iain 
drive shaft (48a), the connecting rod (40), and 
the cross head (52). The main drive shaft is 
rotated uniformly by moans of a bolt j)aHHing 
over the wheel (48), the source of power IxMiig 

^ The iminbers in paronthosiH to th(^ parts as 
slmvn in /%». 1 and 2. (These llKiir(*H arc. r(‘pro- 
diiced by p(‘rtnisBion of the Johns Hopkins J^ress, 
Baltimore, U.S.A.) 
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a water motor running under constant head. 
One revolution of the drive shaft may be 
spoken of as a cycle, for during this period 
one groove or “ lino ” is ruled on the plate. 
We will take as the beginning of a cycle the 
moment when the ruling carriage is at the 
end of its stroke nearest the main drive shaft. 
At this moment the cam (55) is lifting the 
lever (54) which, acting through the rods 
(35 and 34) and the lever (56) and rod (57), 
lifts the ruling diamond (2) off the plate; 
the cam (47) has ^also lifted the pawl lever 
(26) to its highest position. During the first 
half cycle, while the ruling carriage moves 
forward the full length of its stroke, the 
diamond is held above the plate, being lowered 
just when the carriage stops at the end of 


advanced during each cycle must be so nearly 
constant that the actual position of the last 
groove will agree with its ideal position within 
a very small fraction of the distance between 
two adjacent grooves ; the ruling carriage 
and the diamond holder (2) must perform their 
function so well that all the grooves shall be 
straight and not displaced in any way by 
accidental movements of any of these parts ; 
and last, but not least, the ruling point 
must not change its shape during the whole 
process. 

When we bear in mind that the whole 
machine is made of parts which are not 
rigid, but elastic, and that in actual operation 



its stroke. At the beginning of the forward 
stroke the lever (40) is lowered a little, causing 
the pawl to engage with the ratchet on the 
spacing wheel, and immediately the two 
levers (26 and 40) are lowered together a 
fixed amount, whie.h rotates the spacing wheel 
and the fec^d scsrew a small fraction of a 
revolution, thus causing the plate carriage to 
move forward a distance c(pial to the grating 
8 pa(! 0 . As soon as the sj)a<5ing has been 
ac.eomplished the lever (40) is raised a trifie, 
disengaging the pawl from the sj)aeing wheel. 
During the return stroke, or ao(U)nd half 
cycle, the ruling diamond is in (‘-ontact with 
the plate, and the groove or “ lino ” ^ is 
ruled. 

In ruling a 5 -inch grating with 15,000 
grooves i)or inch this cyifio is repeated 75,000 
times, usually at the rate of about 20 per 
minute, S(» the time re(piired is some 03 hours. 
If the grating is to be of good quality, it is 
obviotisly ncuiessary that during this time 
the tcunperature must remain very nearly 
constant ; the amount the plate carriage is 

‘ In what. folIow'H W(4 shall use the word groove, 
wliich is more nearly correct tlian the usual appella- 
tion, lino.” 


many of the essential parts are deformed, hy 
forces duo to friction, to an extent which may 
amount to several grating spaces^ we have 
roiiaon to be surprised, not that oooasionally 
a grating is faulty, but that any grating is 
over good. After doing the very best we can 
in the matter of construction and adjustments 
there is no assurance that this will bo sufficient ; 
there is no “ factor of safety.” Let us try to 
make this important point a little clearer. 
As we shall endeavour to show presently, it 
is quite possible to make and adjust all the 
essential parts of the machine so accurately 
that if they wore absolutely rigid the grating 
ruled would bo so nearly perfect that the 
most sensitive optical tests would fail to reveal 
any error. Since, however, these parts are 
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elastic, and consequently deformed by fric* 
tional forces, accuracy in the results demands 
that these forces and deformations remain 
constant within rather narrow limits throughout 
the entire process of ruling. This is the real 
difficulty in the manufacture of optical 
gratings, in comparison with which all others 
may be regarded as trivial. 

Let us now enumerate the parts which we 
have spoken of as essential, beginning with 
those which, in general, present the greatest 
practical difficulties : 

i. The ruling carriage* with its driving 
connections, 

ii. The connecting mechanism between the 
nut and plate carriage. 

iii. The bearings and pivots of the feed 
screw. 

iv. The thrust hearing for the feed screw. 

V. The feed screw and its nut. 

vi. The spacing wheel. 

viL The straight-edge guide for the wings of 
the nut. 

Perhaps the reader will be surprised to find 
the feed screw placed fifth in this enumeration. 
There appears to be a general impression that 
the mamifacture of a perfect screw is difficult, 
and that if it could be accomplished, the 
construction of very accurate measuring or 
ruling machines would be a simple matter. 
Nothing could be further from the truth. In 
fact, Professor Rowland himself clearly states 
that screws made by the process outlined by 
him,^ on being tested failed to show any 
error as large as 1/100,000 inch, but that 
errors due to the mounting would certainly 
be encountered. The writer has made several 
screws by a process essentially the same as 
that described by Rowland, and has tested 
them by modem methods fully 10 times as 
sensitive as those employed by him, without 
ever discovering the slightest indication of 
any error. Errors due to the mounting are, 
however, less easy to avoid, and hence these 
have been placed 2nd, 3rd, and 4th in the 
enumeration. 

The spacing wheel and straight-edge guide 
aro placed last, because the error in the grating 
space produced' by errors in these parts is 
only from 1/500 to 1/1000 of the error in the 
parts themselves, and hence nothing beyond 
ordinary mechanical accuracy is required. 

The mling carriage is properly placed first, 
and would, indeed, have been in a class entirely 
by itself except for a device found on Professor 
Rowland’s machines which will bo described 
more fully below. It is remarkable that 
Rowland never mentioned the ruling carriage 
in any of his writings ; for its construction 
is such that oven he must have had to give 
it considerable thought. 

Professor Rowland did not deem it necessary 

. ^ Bncyclopcedia Britannica, article “ Screw.” 


to avoid entirely the periodic errors intro- 
duced by faulty mounting, but took care of 
these by an elaborate correcting mechanism 
working through the straight - edge guide. 
The writer had so much trouble with this 
correcting mechanism that he decided to do 
away with it altogether, preferring to eliminate 
the errors due to the mounting by careful 
attention to the items 2, 3, and 4 in the 
enumeration above. The advantage of this 
method is that when the machine is once in 
good adjustment it is likely to remain so at 
least for some years. 

We will now discuss briefly the construction 
of the essential parts, remembering that 
periodic errors of spacing which in a half 
cycle add up to a quantity as large as 
1/1,500,000 inch must be avoided, and that 
errors not periodic in nature must bo kept 
correspondingly small. 

§ (2) Construction of the Feed Screw. — 
A grade of well-annealed tool steel employed 
by manufacturers of taps and dies is used for 
the screw, and, if possible, also for the nut. 
The cutting is best done on a lathe having 
two tool rests ^ so that two tools, one on each 
side and 180° apart, may be used in cutting 
the threads. ^ This automatically removes the 
greater part of the error in the head of the 
lathe. Let us suppose that the finished 
thread which is to be of the V-type is to have 
an angle of 52°. Three pairs of tools (“ goose- 
neck” or spring type) should bo prepared, 
the angles being 46°, 62°, and 60°. Cut to 
full depth of the finished thread with the 45° 
tools ; then, use the 60° tools, cutting until 
the tops of the threads are sharp ; finish with 
the 52° tools.® This being done, the pivots 
are turned to size, the taper to receive the 
spacing wheel is cut, and the screw is ready 
for grinding. It is a waste of time to take 
any elaborate precautions against introducing 
errors due to the lead-screw or goal's of the 
lathe. A lathe is not, and never can bo, a 
high precision machine. 

Three nuts should be prepared, using for the 
purpose steel tubing whose finished internal 
diameter is about J-inch larger than tlie out- 
side diameter of the screw. One of the nuts 
should have a length equal to £ the length of 
the screw ; another should be very short, say 
an inch, or two at most. The third nut 
should bo just twice as long as the nut whicli 
is finally to be used on the screw ; in fact, 
the latter is to be one of the halves into which 
the third nut is finally cut. The longer nut 
will be spoken of as the grading nvtf the very 
short one simply as the short mit, while the 
third one is usually designated the tcMing nut. 
Rach is split in two by a longitudinal c.ut 

* This device is duo to Mr. L. E. Jowc^ll, formc'rly 
of the Johns Hopkins University. 

® This is the method employed by Mr. C. Ja(^omini 
of the Mount Wilson Observatory. 
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through its axis.^ A brass cylinder previously 
machined to fit snugly inside the nut casings, 
having walls J inch or a little more in thick- 
ness, is now cut into rings each about J inch 
in length. Each of these is, in turn, cut into 
two parts by longitudinal cuts, and the halves 
are fastened securely in the casings of the 
grinding nut and the short nut, by screws; 
care being taken to leave about 
clearance between them. The testing nut 
is treated similarly, except that Babbitt’s 
metal ® is used instead of brass. This is best 
done by casting in place, no screws being 
required, since the molten metal will flow 
readily into the countersunk holes provided 
for the puri)ose. 

The grinding nut is now bored to size and 
threaded, the two halves being clamped 
together with a spacer about inch thick 
between them. The short nut is treated in a 
similar manner, but it is bettor to postpone 
the threading of the testing nut until the 
process of grinding is nearly completed. 

Eor grinding, the screw is supported between 
the centres of a lathe, and rotated at a speed 
of from bO to 120 turns per minute. The 
grinding nut is balanced by a counterweight, 
and prevented from rotating by a simple 
lover hold in the hand of the operator, who 
is thus enabled to regulate the friction by 
fooling, and who will aliso be warned immedi- 
ately if any accident should occur. The nut 
is clamped on the screw by two or four rings 
hold in place by pointed screws in contact 
with the two halves of the nut. To prevent 
slight rotations of the halves relative to one 
another, strips of corrugated spring stool or 
brass may be inserted in the slots between the 
nut casings. Emery or carborundxim (washed 
5 minutes) and oil is UHe<l as the grinding 
material. The process is carried out in air, 
and no oxtnune precautions against tcm])cra- 
ture changes in the room am necessary. 
One must, how(%ver, bo careful not to heat 
the sen^w by too much friction or too great a 
Hj)eed. The nut is rotated 180° about the 
axis of the sen^w frequently ; and once, or 
at most twi(!c, a day it should bo turned 
(md for (uul ; occasionally, only one of its 
halves sliould he turned end for end. 

Jt is a good plan to wash both screw and 
nut at the end of a day’s work for purposes 
of inspcHitioTi. After two or throe days’ 
grinding a glan<<e at the screw from a distance 
of a few f(u^t will nweal all the errors intro- 
duced by the lathe. The appearance is so 
striking that it n(^(«l not be described. Grind- 
ing shoukl be continued for a short time after 

‘ The writer luul to discard the four-part grindlnR 
nut n^conunoncied by Rowland. It is impossible to 
adjust it propi^rly during tlic process f)f grinding. 

* TIic use of Babbitt’s m(‘,tal instead of wood in 
variotiu parts of the machine is duo to Mr. L. B. 
.fowoll. 
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all these irregularities have disappeared, 
which will usually require from four to twelve 
weeks. The diameter of the screw should be 
frequently measured at several points, by a 
micrometer caliper, to be sure that it is eveiy- 
where the same, and also to see how fast it 
decreases under the grinding. It is usually 
found that the process reduces the external 
diameter by from 0*010 to 0*020 inch. The 
operator will soon be able to detect variations 
in the diameter of the order of 1/20,000 inch 
with certainty. When the first stage of the 
grinding has been completed, the short nut 
is fitted by grinding, which may require a day 
or so, care being taken to run it evenly through- 
out the full length of the screw. The parts 
are then thoroughly cleaned, and the short 
nut replaced, using only oil with no grinding 
material. A lever attached to the short nut 
is held by means of a spring balance, and the 
reading of the balance is noted as the nut 
is run from one end of the screw to the other. 
In this way a very accurate test for constancy 
of the diameter is obtained. If this is not 
constant it must, of course, be corrected by 
further use of the grinding nut. 

This is followed by a few days’ grinding 
with 30-minute-washed emery or carborundum, 
after which the short nut is again used to test 
the diameter. 

The testing nut is now threaded and fitted 
to the screw, using the 30-minute-washed 
emery. If this requires more than two days 
the diameter should again be tested. 

The screw is then polished, using oil and 
rouge, first with the grinding nut, and then 
with the testing nut. It is now finished, 
except that it is necessary to remove com- 
[)lotoly all traces of grinding material and 
rouge, which are likely to be imbedded in both 
screw and nut. This is accomplished by using 
tho testing nut with oil only, washing thor- 
oughly at tho end of each day’s work. It is 
important that this j)roces8 he continued a few 
days longer than the operator thinks it is 
necessary, 

§ (3) Testing tub Feed Screw. — ^The test- 
ing nut is cut into two nuts of the same 
length, to each of which is added a steel 
wing about 7 inches long. The screw is 
mounted in its bearings on a suitable frame 
which carries a straight-edge against which 
the wings of the nuts may rest, to prevent 
thorn from turning when the screw is rotated. 
One plate of a Eabry and Perot type of inter- 
ferometer is mounted on each nut, so that the 
line of sight through the interferometer shall 
bo parallel to the axis of the screw and 4 or 6 
inches vertically above it. A mercury lamp 
is a good source of light for use with the 
interferomoter. 

Jf in one rotation of the screw the intei- 
feronce rings remain stationary, the axis of 

D 
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the screw is straight. An easy calculation 
shows that this method will readily detect 
a curvature of the axis having a radius of 
300 miles. If, however, the steel used in 
making the screw is of good quality and well 
annealed, and if the work of machining has 
been done in such a way that no strains have 
been introduced, no curvature of this amount 
will be found. It is interesting to bear in 
mind that the screw mounted in this way 
sags down in the middle under its own weight, 
so that the actual radius of curvature is any- 
where from 2 to 10 or 20 miles ; but as the 
screw ^ is rotated, this radius always points 
upwards, so that it does not affect the inter- 
ference rings. A clear mental picture of this 
cannot help but be of immense value to any 
one who has to deal with apparatus where 
great accuracy is a consideration. 

By repeating the interferometer test wdth 
one of the nuts rotated 90° or 180° relative 
to the other, the operator may satisfy himself 
in regard to the absence of any periodic error ; 
by separating the two nuts a considerable 
distance, and repeating the test, errors of 
run may be investigated. For this it is, of 
course, necessary to watch the interference 
rings while the nuts are moved a distance of 
several inches, if the test is to be sufficiently 
sensitive. No errors of any kind will be 
found except very close to the ends of the 
screw. The operator will, however, discover 
that it is no easy matter to put two well- 
.filtting nuts on a screw without introducing 
anything between the threads except oil. 
If the fit is perfect (nothing but oil between 
them) pressure applied to any part of either 
nut will displace the interference rings, but 
on removing the pressure they will return 
exactly to their original position. If a particle 
of foreign matter has been introduced this 
will not be the case. 

It should be noted that a screw made as 
described above will not necessarily have 
“ perfect threads as defined by the specifica- 
tions of our national physical laboratories 
during the late war. Those specifications 
were intended to apply to parts which are to 
be interchangeable. The screw and nut 
described above form a unit ; another nut, 
for example, cannot be used with the screw, 
without first being ground to a fit with all due 
care. 

(4) Adjusting the Pivots of the Feed 
Screw. — One of the nuts is removed, and the 
other is moved near one ond of the screw, 
but not so close as to engage the imperfect 
part of the thread. One interferometer 
plate is mounted on this nut so that the normal 
to its surface is vertical and fairly accurately 
at right angles to the axis of the screw. The 
other interferometer plate is supported from 
the frame and mounted above the first plate. 


On rotating the screw it will be found that 
the lower plate describes a small circle with 
its axis parallel to that of the screw. This 
shows that the lathe did not turn the pivot 
in such a way that its axis coincides exactly 
with that of the screw. The pivot must then be 
corrected locally, and be kept truly cylindrical 
by grinding m its own bearing, until the circle 
is quite small, say, until its diameter is of 
the order of 1/100,000 inch. It is not advisable 
to carry the correction further at this stage, 
for the other pivot is probably contributing 
something to the apparent error. The nut 
is moved near the other end, and that pivot 
is treated the same way, only that the cor- 
rection is carried somewhat further, perhaps 
to 1/260,000 inch. Then, return to the first 
pivot, and so on until no error can bo detected. 
The pivots are finally polished with rouge, and 
again tested as described above. 

Three part hearings should he used with the 
screw pivots, making certain of contact at three 
points of each pivot, these points being 120° 
apa/rt. The proper design and construction 
of such bearings present no serious difficulty. 

§ (6) The Thrust Bearing. — One end of 
the screw, outside the pivot, is provided with 
a taper bearing for the spacing wheel. In the 
other end four holes are drilled and tapped for 
receiving the screws used to fasten the mounting 
of the thiust plate. It is advisable to finish 
this end of the screw optically flat, the surface 
being at right angles to the axis witliin about 
one or two seconds of arc. Various materials 
for the thrust plate have been tried, but none 
have been found as satisfactory as the recon- 
structed ruby, especially those of French 
make. A cylinder of this material inch 
to J inch long, and from J to i inch in diainotor, 
is finished optically flat and highly polished, 
at least on one face. No error as largo as 
of a light wave should be allowed. The ruby 
is rigidly secured in a steel mounting, which is 
fastened to the end of the feed screw by four 
well-made screws as indicated above. The 
surface of the mounting in contact with the 
flat end of the feed screw must be worked until, 
when the two are in contact, the face of the 
ruby is also normal to the axis of the screw 
within one or two seconds of arc. 

All of this requires some patience but is not 
especially difficult to accomplish. Suitable 
optical tests are, of course, needed to ensure 
the required accuracy in alignment, and this 
is one reason why the face of the ruby must 
be so flat. If it is not flat to ^ wave- 

length, the diffraction disc observed at the 
focus of the lens or mirror used in the test 
will not bo truly circular, thus making it 
difficult to observe a motion of -do- of its 
diameter when the screw is rotated. 

The ond of the thrust screw (14) is a hard- 
ened steel spherical surface, highly polished. 
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having a radius of curvature of from 2 to 6 
inches. It should make contact with the 
ruby at a point on the axis of the screw, but, 
thanks to the accuracy of alignment of the 
surface of the ruby, an error of 1/100 inch in 
the position of the contact can at most produce 
a periodic to-and-fro motion of the screw of 
something like 1/6,000,000 inch, which is too 
small to produce any harmful effect. 

A thrust bearing of this kind, after continu- 
ous use for several years, will not show the 
faintest indication of a mark due to wear 
on either surface ; the force acting across the 
contact may safely bo as high as 40 lbs. No 


lug. In one machine the two pail’s of flat 
surfaces are mounted respectively on the plate 
carriage and the nut ; on another machine, 
the flat surfaces are on the ring. It is import- 
ant that the four contact points shall lie in 
one plane at right angles to the axis of the 
screw. 

We will now try to give the reasons for 
placing this part second in the enumeration 
in § (1). The ring or collar is not difficult 
to make, and it is practically self-adjusting; 
but, located as it is at the most vital point 
in the whole machine, it is very likely to act 
as a trigger, bringing into action potential 
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doubt a diamond would bo as good or oven 
bettor than a reconstructed ruby, but it would 
cost considi^rably more and would bo more 
difficult to work. Agates, topazes, natural 
sapi)hircfl, etc., liavo been tried and found 
unsatisfactory. 

§ (fl) Tun (k)NNMOTXNa MbOIIANISM HETWEICN 
Tim Nut and Pi^atk CAniaAOE. — The original 
design by Professor Rowland, described in his 
article on the screw, ^ and shown in Fig, 2 (20), 
is stall followed. This consists of a ring or 
collar loosely supported by the plate carriage, 
and making definite contact with it at two 
points near the ends of a vertical diameter. 
The nut makes contact with tlie ring at two 
T)oints near the ends of a horizontal diameter. 
In eac.h case the contact is made by a hard 
flat surface against a softer rounded metallic 
* Encyclopcedia BHtannicat 0th edition. 


sources of error which otherwise would be 
hold in abeyance. 

Let us examine a little more minutely the 
action of the ring. It is attached to the plate 
carriage in siieli a way that, when not in 
contacit with the nut, it may move slightly in 
a direction parallel to the axis of the screw ; 
it cannot move at right angles to this direction. 
It may rotate through a small angle about a 
vertical axis, but it cannot rotate about a 
horizontal axis, parallel to the screw. When 
the nut acts through it to move tho jdate 
carriage, its plates are brought into contact 
with tho lugs of tho latter, after which it has 
only one degree of freedom, namely a slight 
rotation about its vertical axis. Now since 
tho axis of tho screw can never agree exactly 
with that of its pivots, nor be exactly parallel 
to tho plate carriage ways, it is evident that 
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as the screw rotates the nut describes a 
vertical circle of small radius, and in addition 
it moves very slowly in a direction at right 
angles to the ways of the plate carriage. 
The little circle is described once in each 
revolution of the screw, during which time the 
carriage moves forward, say 1000 times, 
1/20,000 inch at a time. Suppose the diameter 
of the circle to be 1/200,000 inch, or its circum- 
ference, roughly, to he 1/60,000 inch. Assum- 
ing all the parts to he perfectly rigid, the lugs 
on the end of the nut, during each forward 
motion of the carriage, would sUde along the 
plane surfaces on the ring a distance of 1/lOOOth 
of 1/60,000 inch or 1/60,000,000 of an inch. 
In the actual case, where the parts are not 
rigid hut elastic, nothing like this can happen 
on account of the friction between the lugs and 
the plates. What really happens is probably 
this : no actual slip takes place until, owing to 
the relative displacements of the -parts, the 
stress becomes sufficient to overcome the 
friction, when a comparatively large slip 
occurs, perhaps even “ overshooting the 
mark.” Remembering now that, during the 
normal operation of the machine, the screw 
is compressed a certain amount, and the nut, 
ring, and the parts of the plate carriage 
are all deformed as a result of the “forces 
of friction,” and that the succesaful performance 
of the machine depends upon these deformations 
remaining constant to a high degree of axmrcucy, 
one can readily see what a catastrophe may 
easily result from the action just described. 

The question naturally arises : “ How 

accurately would the adjustments have to 
be made to ensure that no slippage whatever 
would occur during a revolution of the screw ? ” 
This the writer is unable to answer. A mal- 
adjustment to such an extent that a slippage 
would necessarily occur in each cycle would 
no doubt make matters much worse. 

§ (7) The Rulits-g Caeriage.— Let us con- 
sider the task the ruling carriage has to per- 
form in ruling say a 6 -inch grating, having 
grooves 4 inches long. If the spacing is 20,000 
per inch, it must move back and forth 100,000 
times, or a distance of some 13 miles of actual 
travel, involving 200,000 stops and starts. It 
must move in one and the same straight line, 
deviating from this not more than 1/1,000,000 
of an inch i£ the result is to be satisfactory. 
Moreover, the power that moves the carriage 
is derived from a main shaft which is called 
on to deliver power intermittently to several 
other parts at the same time. 

Obviously, the friction coefficient must be 
made as small as possible, and the force required 
to start the carriage from rest should not 
differ greatly from that required to keep it 
in motion. Probably these conditions can 
not be satisfied with V-type ways. A better 
form of way is one having a flat top, with 


sides making an angle of 80° or more with the 
top. The weight of the carriage is thus 
mainly supported by the flat top ; one of the 
sides serves to define the path of the carriage, 
and a spring acting on the opposite side 
ensures contact. The constant motion of the 
carriage causes an appreciable wear of the way 
surfaces. Measured in units of 1/1000 inch 
this wear is exceedingly slow ; but it is 
relatively rapid when measured in the unit 
which concerns us here, namely, 1/1,000,000 
inch. The wear of the top surfaces is of little 
or no consequence, as it merely displaces the 
carriage in a vertical direction, but that of 
the sides which define the path is of groat 
importance. During the ruling of a single 
grating the sides change enough to make a 
considerable difference in the jjosition and 
curvature of the first and last grooves. As the 
stroke is different for gratings of different size, 
one readily sees that after a year’s work the 
defining sides of the ways will no longer bo 
straight, but in reality quite irregular curves. 
In spite of these changes m the ways, and the 
wear of the bearing blocks of the carriage, 
Rowland’s machines still rule grooves which are 
quite as perfect as those ruled at first when 
the ways were really straight. This result is 
due to following the device mentioned in § (1). 

It will be recalled that the ruling carriage 
moves on two pairs of ways symmetrically 
placed, one pair on each side of the plate 
carriage, or we might describe it by saying 
that there is but one pair of ways with a 
section some 10 inches or more in length 
removed from the middle, in order to allow 
space for the plate carriage, its ways, and the 
screw (see Figr. 1 (37)). Let us call the 
pair farthest from the main shaft the front 
pair, the other the rear pair. The defining 
sides of the front pair are on the left, those of 
the rear pair being on the right side, and the 
ruling point is at the centroid of the four contact 
points. Hence if the two pairs of ways are 
straight initially, and the amount of wear is 
the same for both, the ruling point will always 
describe the same straight lino. The wear 
will be the same provided the ways arc made 
from the same material, and the i)rcRSiire 
produced by the two sets of springs is the 
same. 

The crank on the main shaft moves the 
cross-head (52), and a connection between 
this and the ruling carriage communicates 
the motion to the latter. The cross-head 
ways can, of course, never bo made parallel 
to^ those of the ruling carriage, and hence 
this connection presents difficulties of the 
same nature as those discussed in § (6). A 
well-made universal coupling is employed and 
does fairly well, but it must bo confessed 
that no entirely satisfactory solution has yet 
been found. 
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§ (8) The Spaoino Wheel and the 
Straight Edge Guide. — As stated in § (1) 
the effect on the grating of errors in these 
parts is at most of the order of 1/500 of the 
error. Hence if these parts are correct to 
about 1/10,000 inch they will be satisfactory, 
and since this is little more than ordinary 
mechanical accuracy, we need not consider 
them further. 

II. Testing the Maohinh and 
Gratings 

§ (9) Method of Crossed Rulings. — Every 
one is familiar with the appearance of 
“ watered silk,” the pattern seen when 
looking through two moderately fine-meshed 
wire screens nearly parallel to each "other, 
and separated by a small interval ; or the 
pattern observed when viewing a screen and 
its reflection in a mirror immediately behind 
it. The principle illustrated by those familiar 
phenomena is used as follows to obtain a 
delicate test of the performance of a ruling 
machine. 

A grating which may be J inch wide is 
ruled on a well-polished plate. The plate 
carriage is moved back to the starting-point, 
and the plate holder is moved back an addi- 
tional distance of from J to J the pitch of 
the feed screw, and given a rotation about 
a vortical axis of about one minute of arc, 
after which the plate is again ruled the same I 
width as before. The second ruling crosses 
the first at the small angle mentioned, and on 
viewing the ruled surface in the light of one 
of its spectra a series of bright and dark bands 
will bo observed, generally at right angles to 
the direction of the individual grooves. Wo 
speak of the dark bands as the locus of the 
intersections of the two sots of grooves, but 
in reality they merely run parallel to the loci. 
(A complete account of the phenomena 
observed with such a cross-ruling has never 
boon given, and would apparently bo quite 
difficult.) Tf the ruling diamond has been 
pro])erly chosen and adjusted ^ the dark bands 
will be very narrow as compared to the 
distance betwbon them, and hence will be 
well suited for testing the accuracy of spacing. 
If the spacing is perfect, the dark bands will 
bo straight linos, normal to the grooves ; 
errors of spacing will be indicated by dei)arturos 
from those conditions. 

Choose rectangular axes, and take as the 
origin the intersection of the first groove 
of the first ruling with the first groove of the 
second ruling. (This point will not actually 
be on the plate, since the plate was displaced 
slightly before being rotated.) Lot the X 

^ Ordinarily a diamond which will rule llrst-rato 
pfratinjjs will give only a poor <iros8-ruling pattern, 
the bands being so faint and dilfuso that they are 
dilUoult to see. 


axis bisect the obtuse angle, the Y axis the 
acute between the two grooves. 

(i.) Ideal Spacing , — Lot the intersections with 
the X axis be given by 

Xn=na{n=0^ 1, 2, 3, . . .), . (1) 

a, being the grating space, very nearly. 

The equations of the two sets are 

?/,,„ = — mwa, . , • (2) 

. . (3) 

We seek the intersection of any groove n 
of the first set with the groove n+%%) (2jp, 
any integer) of the second sot. The locus of 
these intersections is evidently 

2 / =jpma= constant ; . , (4) 

m is the tangent of the angle between any 
groove of the first set and the x axis, t.e. 
ms=tan 89® 59'’ 30'^ = 7000 nearly. We will 
speak of 2;p as the “ order ” of the intersection. 
Thus, for 2 ? = 0, or the zero order, the locus 
is the X axis. For 23 = i or the first order, 
y=mal2, a straight line parallel to the x axis 
and at a distance ma/2 from it. Taking 
a= 1/15,000 inch, which is the spacing usually 
employed in recent years, ma/2 is a little less 
than i inch, which is the distance 

between the “ orders.” 

(ii.) Simple Periodic Error , — Let 

L • 27rW /ff\ 

+ sin . . . (6) 

The locus of intersections of order now 
becomes 

y = mpa -f - mb sin cos ?1. (6) 

N is the number of grooves ruled in a 
period, and as the fundamental period will 
always correspond to one revolution of the 
screw, N is sinqily the number of tooth on the 
rim of the spacing wheel. 

Again the zero order (^3=0) reduces to the 
X axis; also, 2j3=N, 2N, etc., give straight 
linos i)arallol to the x axis. Other values of 
p give (josino curves, the amplitude of which 
is a maximum for 2j3=N/2, 3N/2, etc. 

The amplitude of the curve whoso order is 
2'p is mb sin 2tpI^, If this equals ma/4 wo 
speak of it as “ unit amplitude.” Such a 
ohoi(io of unit is necessary, as the actual 
ami)litude depends upon m, which changes 
very rapidly with the angle, and, oven when 
groat care is taken to keep the angle constant, 
will vary considerably in different cross-rulings. 
The value of 6 which gives unit amplitude 
in the 2p order is evidently 

h - ... 

° 4 sin (27rip/N)* 

Lot the actual amplitude as measured in 
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terms of the unit defined above be A (where in 
general A< 1). Then our error is 


monly spoken of as showing an “ error of run.” 
The law of spacing is 


h - 

‘'“4:sin(27rp/N)“4sin(TS/N)^ ’ ^ ^ 

5 being the “ order.” 

As a numerical example, let us take A=-g>^, 
which under ordinary conditions is fairly easy 
to observe. If a =1/15,000 inch, S=N/2, 
we have 6 = 1/60,000x1/25 = 1/1,600,000 inch 
as the maximum periodic displacement of the 
plate away from the position it should have 
during ruHng. 

We may also compute the value of the 
maximum and minimum grating space in 
such a ruling. Referring to formula (5) and 
taking N=760, we have 

Max. spacing =1/16,000+ 1/190,000,000 in. 

Min. spacing =1/16,000 -1/190,000,000 in. 

A variation of the spacing as large as this, 
if it were not periodic, would, of course, destroy 
the value of the grating as an optical instru- 
ment. (This should be borne in mind in 
connection with the discussion in § (6).) 

It is well known that the e£Eect of a simple 
periodic error is to produce ghosts of bright 
lines ^ in a spectrum. If the error is not too 
large and is simply periodic in character, there 
will be two ghosts of each line, symmetrically 
placed with respect to it, at a distance which 
varies inversely with N. It is a simple matter 
to calculate the intensity of such ghosts when 

6 is known, provided it is small compared 
to a. The derivation of the formula is, how- 
ever, rather lengthy,^ and therefore only the 
formula itself will be given here. Taking the 
intensity of the spectrum line as unity, the 
intensity of the ghost is given by 


, _MY27r6\2 

4 U r 


. ( 8 ) 


M being the order of the spectrum observed. 
If 6/a =1/100, as in the example given above, 
we have 


M= 1 2 3 4 6 

Io = 0-001 0-004 0-009 0-016 0-026, 

or in the 6th spectrum the ghosts have an 
intensity equal to of that of the line 
itself. In a number of the gratings ruled 
since 1911 the ghosts are rather weaker than 
this. 

(iii.) Linear “ Error of Runy — If the spacing 
varies linearly across the grating, it is com- 


^ If the error in very large, ghosts may also appear 
in absorption spectra such as the solar spectrum, but 
such cases probably do not occur with any grating 
actually used in spectroscopic work. In ruling 
gratings one often finds them. 

* It is easiest accomplished by using the so-called 
“ vector method ” of treating diffraction phenomena. 


Xn=na+n% . . . (9) 

where 2c is the constant difference between 
any grating space and the preceding one. 
The equation of the cross-ruling band of order 
2p is 

y=mpa + 2mcp{n+p); , . (10) 

a straight line whose slope is 2mcp. 

In order that the test for this type of error 
shall be sensitive, it is necessary to take p 
quite large, and also to rule quite a wide space, 
so that the length of the band may be groat 
enough to allow an accurate determination of 
its slope. 

As a numerical example, let us consider a 
ruled space 4 inches wide, 16,000 grooves per 
inch, and let the plate be displaced 4 inches 
between the first and second rulings. Let 
and i/a distances from the x axis to 

the beginning and ending of the band of order 
2p. We have 

yi-yi=2mcp{n2-ni). . . (11) 

In this case p = 3 X W ; = ^ 

may be taken as 7 x 10^. Suppose 2/2 - = isV 

inch, which should be measurable. We have 

c=l-6 X 10”^® inch. 


The departure of the last groove from its 
ideal position on a 4-inch grating having this 
error is 71^0=6-8 x 10"® inches, or about J 
of a light wave. 

The two illustrations just given will suffice 
to show that in cross-ruling we have a powerful 
method for studying the performance of the 
machine. Other cases might be discussed, 
such as variation in spacing along the length 
of the grooves and curvature of the grooves, 
but the reader will have no difficulty in seeing 
how these oases are investigated. 

(iv.) Accidental Errors and Diffused Li(jl\t — 
Accidental errors are due to two jirincipal 
causes : 

(а) That discussed in § (6). 

(б) Slight errors in the motion of the ruling 
carriage, and those due to faulty adjustment 
of the diamond-holder (2, 3). 

If (a) alone is present, the cross-ruling 
pattern will appear somewhat like a in Fig. 3. 
The band is clean and narrow but shows a 
large number of breaks, indicating that, 
superposed upon the regular, even displai^e- 
ments of the carriage, there are sudden shifts, 
which occasionally may amount to as much 
as yV of S' grating space, but usually are 
very much smaller than this. If (6) alonc^ is 
present, the pattern is very much as shown in 
6, Fig. 3. The pattern is not clean, but may 
be best described by saying it is “ hairy,” In 
general, both causes are present, so that an 
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is in the same direction on both sides of the 
normal, which is not so when the error is in 
the ruling. (In the preceding discussion it 
has been tacitly assumed that the angle of 
iucidence is zero, merely for 
simplicity. When the angle 
of incidence is different from 
zero, the different cases are 
affected somewhat differently, 
making it still easier to separ- 
ate the causes of error.) 

If the Foucault test is satis- 
factory, and periodic errors 
have been determined and 
found sufficiently small, the 
grating is satisfactory, pro- 
vided it is also reasonably free 
from diffused light. The de- 
termination of the amount of 
diffused light, and also of the 
brightness of the different 
orders of spectra, do not 
require any comment. 

§ (11) The Selbotiok and 
Adjustment of the Rttling 
Diamond. — ^Natural crystal edges, free from 
little breaks or other imperfections, are used 
in ruling gratings. Small white diamonds, 
each weighing about carat, are securely 
mounted, each in the end of a short steel 
rod J inch in diameter. The diamond* 



Fia. 4. 


the machine and mounted under a microscope, 
where the preliminary adjustments are actually 
made, after which it is replaced in the proper 
position on the machine. The correct pressure 
of the diamond on the plate 
must be found by trial for each 
ruling edge, and is regulated 
by a counterweight. 

The ideal groove is V-shaped, 
and the actual groove ap- 
proaches this form very closely 
if the adjustments are good. 
It remaius to determine the 
angle of the groove, to give 
it the right width, and to 
orientate it properly for the 
kind of ruling desired. 

Let a single groove be ruled 
on a well-pobshed plate. Sup- 
pose the normals to the sides 
of the groove make the angles 
A and B with the normal to 
the surface. If light be in- 
cident normally on the surface, 
the light diffracted by the 
groove will show two maxima, viz. in the 
directions making angles 2A and 2B with 
the incident beam. The diagram, Fig, 4, 
which represents a section normal both to 
the surface and to the groove, will make 
this clear. PR and QR are the sides of 



Rowland’s Ruling Machine. 


holder permits rotations about three mutually 
perpendicular axes in order that a given edge 
of the crystal may be brought into contact 
with the plato, and may also be adjusted 
parallel to the ruling carriage ways. 

The diamond-holder can be removed from 


the groove; OiDj and arc the direc- 

tions in which the maxima of the diffracted 
light will be found. Since PR and QR are 
very narrow, having in general a width of 
from IJ to 2 1 wave-lengths of light, the 
angular width of the diffracted beams will 
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be considerable, and, in the figure, OsDg 
will be wider than OiDi* It is, however, 
quite possible to measure approximately this 
width, that is, the angular separation of the 
first diffraction minima belonging to OiD^ 
and to OgDa, and this being done, the distance 
PQ becomes known. It should be as nearly 
as possible the same as the grating space, 
and may be adjusted to this value by varying 
the weight on the diamond. If more than two 
maxima are found, the groove is not of the simple 
V-type, and should in general not be used. 

As it is desirable to have some particular 
spectrum as bright as possible, the diamond 
should be tilted until the direction of OiDi, 
for example, falls in that spectrum. The 
direction of O 2 D 2 will in general be that of 
some higher order spectrum on the other side, 
but it cannot be controlled independently 
except by changing the grating space. The 
lower order spectrum which is bright at zero 
angle of incidence will also be bright for other 
values of this angle, ^ at least within reaspnable 
limits. 

This discussion is far from complete, but 
it is hoped that enough has been said to show 
that the finding of a suitable ruling point is 
not altogether a matter of chance, 

DIFFRACTION GRATINGS, THEORY 

I. Theory oe Gratings 

§ (1) Introductory. — A Diffraction Grating 
consists, in effect, of a number of parallel and 
equidistant slits in an opaque screen. The slits 
are usually very narrow and very numerous, 
but this is not invariably the case. If a parallel 
beam of light is incident on such an arrange- 
ment, some of it passes through the slits wliile 
some is stopped by the opaque intervals. If the 
transmitted light is brought to a focus by a 
telescope or camera lens, it is found that 
spectra are produced in certain directions. 
Such spectra are usually described somewhat 
vaguely under the comprehensive title 
“ Diffraction Spectra.” Physically there are 
three quite distinct processes contributory to 
, the production of the phenomena observed : 
those are : 

(a) Diffraction by the individual slits of the 
grating, converting them, in effect, into a 
series of similar light souroes emitting light 
over a considerable range (ff angle on either 
side of the direction of incidence. The wave- 
lots emanating from those sources start, 
however, with definite phase relationship.s ; 
this renders possible the next stage, viz. — 

(h) Interference between the wavelets from 
different slits, which results in their completely 
annulling one another except in certain 
directions. 

‘ Soo A 8 tro 2 )hi/ 8 ical Journal, 1011, xxxiil. 350. 


(c) Diffraction by the aperture of the observ- 
ing system. This gives finite breadth to the 
spectrum lines, and introduces a series of 
secondary maxima between them. 

Needless to say these phenomena cannot be 
discriminated in the final result. Thus we do 
not observe any diffracted light resulting from 
process (a) except in those directions deter- 
mined by process (6). Moreover it is impossible 
to observe the resultant of these two processes 
except under the limitations of total aperture 
set by the dimensions of the observing system, 
which introduces the further modifications due 
to process (c).^ We cannot therefore dissociate 
the contributory processes in practice. This 
tempts us, in developing the theory of the 
grating, to put all the ingredients into our 
mathematical mill at once, and after mixing 
them thoroughly, obtain final equations from 
which we may extract all the essential informa- 
tion. This is the method followed in the 
classical treatments of the subject which are 
found with slight modifications in the majority 
of text-books. While of great mathematic^ 
elegance, such a treatment almost invariably 
fails to convey to tlie student any clear con- 
ception of why the various results which the 
equations indicate, and which he can see in 
practice, do actually happen. In order to 
understand these it is desirable to keep quite 
separate in one’s mind the processes (a), (6), 
and (c). This desideratum is partly fulfilled 
in the vector method originally used by 
Kimball and subsequently employed by Wood, 
Sparrow, and others. In this treatment 
process (a), which merely supplies the light 
in the necessary directions, is dissociated* from 
the subsequent spectrum formation. The 
analysis, however, automatically obtains the 
joint effects of (6) and (c) and is, in consequence, 
misleading as to the origin of secondary 
spectra and of the finitoness of resolving 
power. The method is of great use and beauty, 
nevertheless, and further reference will be 
made to it later ; but the various properties 
of grating spectra will be deduced in the 
following paragraphs by a method which it is 
hoped will render their origin as clear as 
possible by treating each of the contributory 
proccBHOS separately, 

§ (2) Diferaotion by a Rectangular 
Aperture. — Although the starting point for 
any investigation of gratings, the theory of 

“ In any spcc'trosc.opo the observing telescope Is 
usually of sultlcicnt ai^crt-uro to take all the light 
from the prism or grating. In practice therefore 
th(^ length of the grating and its obliquity determine 
tho aperture of the system, but If in any (sase the tele- 
scope is of smaller aperture, in tho piano of dispersion, 
than that required to lake in light from the whole 
grating, it is tho actual aperture which determines 
the results of procoss (c). For simplicity wo shall 
assume in what follows that tho aperture, whether duo 
to the limited size of the grating or of the tolCBCopo 
objective, is bounded by atraigtit sides parallel to 
the slits. 
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diffraction is outside the scope of this article. 
We must simply quote the result in the case 
of a rectangular aperture, as developed in any 
of the standard text-books.^ Let A, Fig. 1 (a), 
be a point source of hght situated at an 
infinite distance from a screen, B, in which 
there is a rectangular aperture 5, with sides 
parallel and perpendicular to the plane of the 
paper. The light which passes through s does 
not pass straight on in the direction s A', but 
spreads out in the space to the right of B, 
and would produce illumination over an area, 
more or less extensive, of a screen 0. In 
what follows we need only concern ourselves 
with diffraction in the plane of the paper. It 
is also convenient in this case to substitute a 
line source, perpendicular to the paper, instead 
of a point source. Let the width of the 
aperture in the plane of the paper be a, then 
the light is spread out in this plane to an 
extent depending on a, the intensity in a 


are displaced from the point half-way between 
the minima, being slightly nearer the central 
band. Their actual position corresponds to 
tan {{iralX) sin = (ra/X) sin 6 instead of to 
tan {(ira/X) sin =oo . This follows at once 
from differentiation of expression (1). These 
values do not, however, chffer greatly, and to 
a close approximation it is convenient to take 
the centr^ maxima as occurring half-way 
between the minima, i.e. at the points when 
(ira/X) sin i9 = -I- l)7r/2,2 beginning with p = 1. 

The ordinates at these points are given by 

,, _4lo 1 

^°"{(2pTr)(W2)}^“7r2 (2p + l)®’ 

where I^ is the intensity at the centre of the 
central band. From this we find that the 
approximate maximum intensity in the first 
lateral band is 1/22-3 that of the central band ; 
of the second 1/62 ; of the third 1/121, etc. 
The true values will be slightly greater than 



direction making an angle 6 with s A^ being j 
proportional to the quantity j 

S ain^ KiralX) sin 8} 

“ {{valX) sw.e)’‘ ’ • • ^ ’ 

where X is the wave-length of the light. 

In the direction s A' 0=0, and the limit- 
ing value of the expression is When 
(ttu/X) sin 9 =p 7 r, p having the values 1, 2, 3, 

. . . etc., the intensity is zero, while it has 
maximum values at intermediate angles. If 
the light is received in a telescope focussed on 
infinity, so that all rays having the same value 
of 6 are brought to the same focus, a series 
of bands will be seen corresponding to these 
alternate maxima and minima. 

It is obvious from the form of expression (1) 
that the intensity curve of the lateral maxima 
is simply a sine squared curve of which the 
ordinates are divided by a quantity propor- 
tional to the square of the distance from the 
central band (measured in terms of sin 0). The 
proportional variation of this quantity is steep 
at first, with the result that the maximum 
ordinates of the maxima near the central band 

^ E.g. Preston, The Tlmrv of Light, clmpter ix. ; 
see also “ Light, Diffraction of.’* 


this, and can be calculated if required from the 
more accurate positions. The intensity curve 
is shown in Fig. 1 (6). 

The positions of the lateral maxima (loi)ond 
on the wave-length, so if the light oin])l()yod 
is not monochromatic, the bancls correspond- 
ing to different colours will bo in dilTonuit 
positions. These bands wore termed by 
Fraunhofer “ Spectra of the First Glad's. 

If the width a of the aperture is very small 
the width of the central band, whicOi e.xteiids 
to 0=± sin"^(X/a), will bo quite largo. In 
fact if a is comparable with X the central 
band will extend very nearly over the whoK' 
angular space on either side of the incident 
beam. Such a fine slit therefore acts prac- 
tically as a line source of light as far as (liroc- 

® The actual depart.ures from this may ho cahui- 
lated easily by giving rra/A sin 0 its api)ro.\imatc 
value corresponding to the middle of the band, and 
using this to obtain a (doscr value from a tai)I(* of 
tangents. Thus for the first band <rn/\ sin S is in 
the immediate neighbourhood of iW/2 -4-7; the. 
true value will be very nearly tair^4-7- JJ-t/2 - 12'’. 
Similarly the second maxima (xuuirs at r)'T/2 -- 7", 
and the third at 7t/2-5‘’. Since the width of a 
hand corresponds to 300®, the first maximum is 
displaced by 1/30 of the width of a band, tlui siMuind 
by 1/51, and the third by 1/72. As the ordiT of 
the bands increases the distorllon quickly i)U(*omeH 
negligible. • 
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tions in a i)lano perpendicular to its length 
are concerned. 

§ (3) Gratings. — If we have a number of 
similar slits situated side by side the diffrac- 
tion bands from each of them coincide in 
direction, and therefore in position if observed 
in a telescope. If the slits were illuminated 
by independent sources of light, the observer 
would see a system of diffraction bands exactly 
similar to those from a single slit, but more 
intense on account of the superposition of the 
systems from the several slits. In a grating, 
however, all the slits are illuminated by the 
same source. The diffracted waves emanating 
from them have therefore a constant phase 
relationship and so are capable of mutual 
interference. Since we are now regarding the 
grating elements as separate sources it is 
convenient for the time being to assume 
uniform radiation in all directions. The 
effects of the actual variation which takes 
place in accordance with the results of 
the previous paragraph can be investigated 
later. 

Lot the dots, Fig, 2, represent the equi- 
distant slits of a grating on which a plane 



wave of perfectly monochromatic light is in- 
cident at an inclination i to the normal. In 
order that wo may at tliis stage avoid the 
comi)lications introdiujod by diffraction by a 
restricited aj)orturo wo must regard the grating 
as extending to inlinity in both directions. 
(Uearly any ordinary grating may bo regarded 
as an inlinitoly long grating viewed through 
a restricted aj)oi*turo. 

Let k(i and Ji/; be rays incident on corro- 
Rj)onding ])oints of two adjacent slits, while aA' 
and biy are rays diffracted in the direction 0. 
The disturbance from a lags behind that from 
b by a path differonco ac - bd—k{(m 0 - sin i). 
In this expression A = <16 -the distance be- 
tween corresponding points of adjacent slits. 
The path difforenc.e between any slit and the 
rth from it is clearly rA (sin 0 - sin i), so that 
if A(sin - sin i) is a whole number of wave- 


lengths, say the path difference between 
the disturbances from any two slits whatever 
is also a whole number of wave-lengths and 
all the disturbances are in the same phase. 
Hence if these are combined by a telescope, 
they will reinforce each other and the field 
will be bright at the position corresponding 
to this direction. 

For directions differing slightly from the 
values of 9 given by the above relation there 
is a phase difference, 5\, between the dis- 
turbances from adjacent slits. It is clear that 
however small 5X may be, the resulting illum- 
ination due to the whole of the infinitely long 
grating is zero, because, since the phase step 
accumulates from one slit to the next, what- 
ever the phase of one slit there can be found 
another slit for which the phase differs by X/2. 
These two slits nullify each other. Similarly 
for all other slits. The grating therefore con- 
centrates the light in a series of bright lines 
of infinitesimal width at infinity, in such 
directions that 

A(sin 9 - sin i) = mX, . . (2) 

with complete darkness in the intervening 
intervals. Those linos for which m = l, 2, 3, 

. . . etc., are said to be of the 1st, 2nd, and 
3rd, . . . etc., oi'der. Equation (2) is referred 
to as the grating law. Those lines, of which 
the position depends on the wave-length, were 
termed by Fraunhofer “ Spectra oj the Second 
Class*^ They are the true spectra of the 
grating qua grating, and wo observe that they 
are not a diffracthm phenomenon at aU but 
are due purely to interference between the 
radiations from a series of equally spaced 
similar sources of light. Their position de- 
l)onds Himi)ly on the separation. A, of the 
sources, and is unaffected by their dimensions, 
j)reciHely as in the case of interference fringes 
j)roducod by, say, Frosnors Mirrors or Bi- 
prism,’* and it is no more legitimate to attribute 
them to diffraction than to attribute bi-prism 
fringes to refraction. The part played by 
diffraction in the action of the diffraction 
grating is, as wo saw in § (2), the subsidiary one 
of converting the individual slits into sources 
of light radiating over a wide angle within 
which the interfcronco phenomena may take 
place. 

§ (4) Effects of Finite Aperture. — Such 
a simi)lo instrument as the ideal grating of 
infinite length is naturally unrealisable. The 
finite size of any i)ractioal grating introduces 
V(^ry profound modifications in the observable 
phenomena. Nevertheless such modifications 
cannot properly bo classed as grating action 
because they are precisely those modifications, 
and nothing more, which any optical system 
introduces in the imago of a point or lino source 
at infinity. The proper way to regard this part 
^ Sec article on “ Interforonco.” 
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of our subject is to consider the grating alone 
as supplying a spectrum consisting of infinitely 
thin lines at infinity, and then to consider the 
effect of examining these in an optical system 
of aperture determined by the size of the 
actual grating, or of the telescope, whichever 
is lea.3t. 

If A is the effective aperture measured per- 
pendicular to the axis of the telescope, the 
image of a true line of light consists (§ (2)) of 
a series of diffraction bands, the intensity and 
location of which are given by the formula 

T-A 2 8in» {(ttA/X) sin 0} 
{(rA/X)Bin0}a ’ 

where 0 is measured from the position of the 
geometrical image. The points of zero illum- 
ination occur when (tA/X) sin 0=j97r, where 
p=l, 2, 3, , . . etc. 

The angular semi- width of the central band 
and the width of the lateral bands in its 
vicinity is X/A. 

Each spectrum line is therefore represented 
by a diffraction band of width 2X/A flanked 
by a. series of fainter bands of half this width. 
The maximum intensity in the pth. band is 
Io(4/w^) .l/(2p-l-l)^ where I^ is the maximum 
intensity in the central band. These are the 
so-called secondary maxima. We see that 
they are in no way uniquely connected with 
gratings. The same type of central image with 
the same maxima in attendance is obtained 
with a prism spectroscope, or, for that matter, 
with the direct image of the slit, provided the 
same aperture be used. The only properties 
of secondary maxima peculiar to gratings 
become manifest when the number of grating 
elements is small, and are due to the over- 
lapping of the secondary maxima associated 
with the primaries of different orders. 

A primary occurs, as we saw in the last 
paragraph, whenever the phase difference be- 
tween disturbances from corresponding points 
of adjacent grating elements has the value 
zero. A secondary minimum occurs whenever 
the phase difference between opposite edges 
of the aperture has the value zero, that is to 
say, when the phase difference between the 
first and last of the effective grating elements 
is zero. Clearly, therefore, if there are n ele- 
ments, a primary of any order will coincide 
with the nth. secondary minimum associated 
with the primary of the next order, and vice 
versa. 

There are therefore (n-l) minima betweeii 
the two primaries, and consequently {n-2) 
secondary maxima. With ordinary gratings 
the separation of the orders is so large com- 
pared with the distance between the second- 
aries that those associated with one primary 
are quite outside the influence of those asso- 
ciated with the next. The intensity of the 
secondaries diminishes so rapidly with p that 


the great bulk of the space between the spectra 
is quite dark. In fact the aperture has to be 
made quite small or a very high magnification 
has to be used to see any secondary maxima at 
aU. If the total number of grating elements 
is small, however, the primaries of successive 
orders may only be separated by a few second- 
ary maxima, and those associated with the 
different primaries will reinforce each other. 

If we remember that there are ( 72 ,- 2 ) maxima 
between each primary, and that the latter occupy 
the width of two of the former, it is easy to see that 
the pth secondary maximum associated with the 
primary of the with order coincides with the 
(7i-l-2})th, (27i-l-_p)th, (37i-l-p)th ... etc. 
secondaries of the (wi-fl)th, (wi+2)th, (wH-3)th 
. . . etc. orders, and with the (7i-f-p)th, (27i-fp)th, 
(37i-t-p)th . . . etc. secondaries of the ( 7 n-l)th, 
(?»— 2)th, (tji— 3)th . . . etc. orders. 

The total intensity of this secondary is therefore 

1 


%,+4»+l)*'''(2p+(wi+I)2'*' 



From this we can evaluate the intensities of the 
secondary maxima. As would be expected, except 
when 71 is very small, aU but the first term in the 
bracket is negligible for secondaries in the neighbour- 
hood of the TTith primary, and all but the sccoiid 
term for those near the (wi + l)th, and so on. Even 
for 71=4 it is only necessary to consider the effect 
of the two adjacent orders on either side of the 
order in question. 

The most intense secondary is the one nearest the 
primary. Its maximum intensity relative to that 
of the primary is about 1/16 for 4 elements, 1/21 for 
8, 1/22 for an infinite number of elements. Thus 
there is little difference between the rehitive intonsitioB 
of the strongest secondary whether a grating htis an 
infinite number of elements or only a few. This is 
sonietimos regarded as a surprising result, but when 
we realise that the secondary maxima are mor(*ly 
the ordinary diffraction bands duo to the apertun; 
of the system, we see why they are unaffeett'd by the 
nature of the grating, except when the suecesHivo 
orders of spectra are so close that the rc^Iativc^ly 
strong secondaries associated with the different 
images overlap. Moreover, this is a pure super- 
position effect ; if we place u number of equidistant 
slits at the end of a collimator and adjust the aperture 
of an observing telescope to such a value that th(‘ 
angular width, X/A, of the diffraction bands bordering 
each imago is exactly l/gtk of the angular separation 
of the images, wo obtain precisely the appearance of 
several orders of spectra produced by a grating of 
q elements, with the appropriate secondary maxima 
between, without the presence of any grating 
whatever. 

Expression (3) is symmetrical for values of p on 
either side of jp=(7i- 1)/2, wdiich represents the point 
half-way between the primaries ; the reason of this 
symmetry is obvious from what has gone before. 
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§ (5) Vector Method.— Expression (3), ob- 
tained by adding the effects of the superposed 
diffraction bands which border the primaries 
of different orders, represents by its structure 
the actual method of formation of the second- 
ary maxima. It is not so convenient for 
calculation purposes as that which is directly 
obtained by the vector method, in which the 
net result of interference and diffraction by 
the aperture is deduced in one process. We 
shall briefly outline this method, which is of 
great utility in many of its applications. Let 
there be n elements in the grating, and let the 
amplitude of the disturbance from each element 
be h Lot the phase difference between the 
disturbances from corresponding points of 
adjacent elements bo 5X. It is convenient to 
express this in angular measure 0, where 
0 = (27r/X)5X. The amplitude of the resultant 
disturbance is represented by the gap between 
the extremities of the first and last sides of a 
vector polygon composed of n sides of length 
k (on some suitable scale), each inclined to the 
one preceding it by the angle 0. Since the 
sides and angles are equal, the polygon lies on 
a circle, of radius such that k is the chord of 
(ft. The size of the circle varies with </>, but 
at any stage the gap between the free ends of 
the first and last sides is 


, chord n<f> 
^ chord (f> * 


which is the amplitude of the resultant dis- 
turbance. The intensity is proportional to the 
square of the amplitude and is therefore 


chord® 

chord® 


sin® (n</>/2) 
sin® (0/2)'’ 


whore B is a constant. 

In those directions for which 0 is zero, i.e. 
when the pliast^ stop between adjacent elements 
of the grating is an integral number of wave- 
lengths, the value of this is n®BA;®, which is 
the intensity at the centre of the principal 
maxima. J)onoting this by 1^ wo see that the 
intensity in intormediato directions is 


^ - sin* (t?.0/2) 

oi’^sin®‘(0/2)’ 


. (4) 


This is zero when ?i0“pir, whore 2, 3, 

. , . . - 1 . 

The (n -2) secondary maxima occur be- 
tween these minima, whore 7i0 = (2^-l- l)7r/2, 
their intensities being given by 


‘^o^aHin®'(2^)-f-i)T/2n* ‘ 

The secondary maxima wore termed by 
Fraunhofer “ Himvtra of the Third Class. 

§ (G) Dispkuhion and UESomrTiON. — The 
rate at which 0, in equation (2), varies with 
wave-length is a measure of the spreading out 


of the spectrum, and is termed the dispersion. 
By differentiation of equation (2), 

— = ^ _ sin g - sin i . 

dk A cos 6 X cos 6 * * • w 

from which we see that for a given angle of 
incidence the dispersion in the neighbourhood 
of wave-length X depends simply on the 
direction, in which the spectrum is 
formed. It is independent of the properties 
of the grating, a large or small grating space 
A being compensated by the higher or lower 
order of the spectrum formed in the direction 
required. 

It is not the dispersion which is of greatest 
importance in determining the utility of a 
spectroscope, but the resolving power, that is 
the power of producing two distinguishable 
images for two monochromatic radiations of 
slightly different wave-lengths. This power 
is usually measured by the ratio R=X/3X, 
where 5X is the smallest difference which can 
be resolved at wave-length X. 

We saw in § (3) that the grating alone, in the 
absence of diffraction at the bounding aperture, 
would give infinitely fine lines. Its resolving 
power would therefore be infinite, since, how- 
ever close two lines might be, they would stiU 
be perfectly distinct. However, the lines can 
never be observed except as diffraction bands, 
and if two of these are too close together they 
will merge into a single maximum of iUumina- 
tion and wiU not be seen as separate 
bands. Following Lord Rayleigh (7), it is 
always conventionally assumed in calculating 
the resolving power of optical instruments that 
two diffraction images will be resolved when 
the centre of one falls on the first minimum 
of tho other, as shown in Fig. 3. The angular 


i I 



value of pq is 5<9, =X/A, A being the effective 
aperture. The ^fference in wave-length com- 
prised in this angle is 
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L, the total length of the grating which is 
utilised, is equal to A/cos 


Whence R = ^ = 

^rm, . . • P) 

Thus the resolving power is equal to the pro- 
duct of the total number of grating elements 
and the order of the spectrum ; but while 
this is a convenient form in which to remember 
the result, the apparent dependence on n is 
illusory. In any given direction A/m is con- 
stant, and R depends simply on the total 
length, or, more strictly, on A. It is only 
when varying the number of elements while 
keeping the grating apace constant that altering 
n alters the resolving power, since in this case 
an increase in n involves an increase in L and 
vice versa, but for a given available aperture 
the resolving power does not depend on how 
many or how few grating elements we intro- 
duce. 

It facilitates the understanding of spootrosoopio 
resolution if we always separate, as in the above 
treatment, the two factors on which it depends. 
There is first the resolving power in angle, which is 
purely a function of the aperture of the observing 
system, tho minimum angle for resolution being X/A 
(assuming a rectangular aperture). Tho difforonoo 
in wave-length corresponding to this angle depends 
on tlio dispersion of the spectrum whether produced 
by interference or prismatic refraction. Tho usual 
methods of deducing resolving power tend to conceal 
that its fmitcncBS is purely a question of aperture, 
and lead the student to suppose that each typo of 
spootroHcope is a law unto its<‘U in tlio matter of 
resolving power, which api)oars t(j depend on iiumbors 
of rulings, or length of prism base, etc., whereas these 
are merely quantities which happen to be conveni- 
ently related to tho aperture of tho system for 
formula purposes. 

Reverting to the spooial caso of gratings, suppose 
X' is the wave-length in the w^tli order wJ)ieh ooinoidos 
with X in tho ( 7 a + 1)^1 order; X'-X is tho range of 
wave-length in tho 7atli order which lies between tbo 
mlh and (7ftH-I)th orders of X. 

MX'»»('m-H)X, 



The minimum rosolvahlc dilTenmco, ^X, is XMm, 
from which wo s(‘(^ that a gmting will rt^olvo a 
dilTorenco of wave-length l/wth of iho range' of 
wavo-longtli comprised within the wulth of an order. 

In practice it is impossiblo to obt-ain a lino 
source of light of inlinitc^sinial width. A 
narrow slit at tho focus of a (iolliinating Ions 
is usually employed, Tho spocitral “ linoH ” 
arc in reality images of this slit and have 
therefore a linito width apart from tho broad- 
ening due to diffraction. Such lines have to 
bo further apart in order to bo resolved. The 


ratio of the resolving power actually obtiained 
with a given slit width tc) tho thoortitic.al 
resolving power wm is termed tho Purity of 
the spectrum. 

§ (7) OvBRiiAnriNO Spectra. — Since tiu' 
number of elements is without effect on the 
dispersion in a given direction, tho resolving 
power in a given direction, tho width of f bc» 
spectral linos, or, provided there are mon^ than 
about a dozen elements, tho relative intc’insititm 
of the secondary maxima, it may not be 
obvious what advantage accrues from using a 
largo number. There are several aclvautag(^H. 
We saw earlier that in order to luivo light in 
oblique directions tho width of each elonKmtary 
slit must be small. If wo only had a f<nv of 
such slits tho grating would bo practically an 
opaque screen. For tho sake of brightnesH, 
therefore, it is desirable to put as many slits 
into tho available si)aoe as possible. 

There is another important consideration, 
however, due to tho overlapping of sl)et^t^a of 
different orders. From tho grating law tlu^ 
mth order spectrum of wave-length X is formed 
in a direction such that 

A (sin d - sin i) = mX. 

In general, therefore, if WiXi=WaXji, tho wav(^- 
length Xg in tho spectrum of 77?.jth order will 
coincide with Xj in tho w^th order. Thus tlu» 
blue end of tho second order sj)ec5trum (X ' ■ 0*4/4) 
will overlap tho red end (X = 0*8/x) of ih<' lirsi 
order. Ovorlaiqung becomes i)rogr(wsiv(4y 
more serious in higher orders. If Xi and Xjj 
are tho extreme wave-lengths at <ntber end of 
the spectrum to wliioh th<H re(‘(uving appar- 
atus (eye, photographic plate, or what.(n’(*r il. 
may be) is sonsitivo, a wave-lcuigtb X in tbt^ 
mth ox'dor will bo ovorlap])ed by Xj in the 
7//.ith order and Xg in the onUu*, vlu'n' 

'%Xi — 77 / 2^2 = All orders betw<‘en and 
m-a will clearly bo representi^d at th(» same 
place by wave-lengths l)etwtHui Xj and X 2 , ho 
that all orders from to incluHiVis i.t\ 
+ l orders, overlaj) at this j)oiiit. 

Since 

+ . (K) 

A I Ay 

WO see tho im|)oitanco of k<Mq>ing m jw Hinull 
as possible if wo wish to avobl eoiifimion with 
polyehromatic Hi)ectra. To n^duce onbu* 
of tho spectrum found in a givcm din*eti(m wj* 
must reduce tho grating si)a<^(» A, thair is, \v<* 
must increase tlio number of elenuuiitM in a 
given length of grating. Thus, all hough Iht* 
resolving ]>ower does not de[)(‘nd on 7 /, \\v 
obtain it in spectra of Iow(U* onU^r, and llu'reby 
minimise tho difficulties of overbippitig, if 
make n large. 

§ (8) DiSTRiimTioNT OF Lkhit IN SuHOTK \ : 
Effeoth of (dtoovM Kohm.' In what has 
gone before, wo have assumed for conv<mienee 
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that each element of the grating radiates 
uniformly in all directions. On this basis we 
found that the maximum intensities of the 
spectrum lines of all orders were equal, and 
that the secondary maxima had certain in- 
tensities relative to these. Since both primary 
and secondary maxima are extremely narrow, 
the eye does not appreciate their intrinsic 
brightness (light per unit area) but integrates 
this over the whole width of the lines and 
appreciates their total candle power ; ^ con- 
sequently the relative apparent brightness of 
primary and secondary maxima is the ratio 
of the area of the intensity curves and not 
of their maximum ordinates. If we introduce 
the factor 2, the relative width of a primary 
and secondary band, and assume the primaries 
to bo twice as bright, relative to the secondaries, 
as the ratio of the maximum ordinates obtained 
in preceding paragraphs, we shall obtain a fair 
a]iproxiraation to the truth. 

This phenomenon accounts for the apparent 
increase in the relative brightness of the 
secondary maxima when the aj)orture is re- 
duced. In such circumstances the width of 
the maxima may increase until they occupy 
quite appreciable areas. The eye then meas- 
ures their intrinsic brightness, and the second- 
aries seem twice as bright relatively to the 
primaries as when they are narrow lines. The 
effect of contrast also helps to subdue the 
secondaries when they are close to the 
primaries. What we have just said may explain 
the common conception that increasing the 
number of grating elements reduces the intens- 
ity of the secondary maxima. Such conclusions 
aro usually drawn from experiments in which 
the aperture of a grating is varied. As wo saw 
earlier, the relative maximum intensities are 
independent of the number of olomonts except 
when this is reduced to loss than 20, and oven 
then the dilToi’once is trifling. All the phono- 
meua can bo observed, as was jiointed out in 
§ (4), without any grating at all. 

As regards the relative intensities of linos 
in different directions, those aro clearly ])ro- 
portional to the ordinates of the intensity 
curve for the diffraction by the individual slits 
of the grating (see § (2)). In tlio case of the 
simple grating which wo have so far oonsidorod, 
consisting of very narrow slits in an opaque 
screen, the central imago would be of maximum 
brightness, while the s])octra on either side 
would diminisli symmetrically in brightness as 
the order increased. In practice, however, 
such a simj)lo grating is not obtainable. Grat- 
ings arc usually i)ro(iucod by ruling fine grooves 
on glass or metal with a diamonrl point. The 
technique of their manufacture is dealt with 
in another article, ^ from which the reader will 

^ S('c iirticlo on “ The Kyo.'* 

“ “ Oiirrac^tlon Oratinffs, The Manufacture and 
Tcstliit? of." 


find that the grooves aro usually of V shape, 
and, for the best results, are cut sufficiently 
deep to leave none of the original surface 
remaining. The ruled surface is in fact a 
ploughed field in miniature. When the ruling 
is successful the sides of the groove aro 
reasonably smooth, and act, in the case of 
metal gratings, as reflecting surfaces. Con- 
sidering one side of these grooves the incident 
light would bo reflected, in the absence of 
diffraction, in a certain direction in accordance 
with the ordinary law of reflection. As in the 
case of a simx)le slit, the diffraction spectra of 
the First Class aro symmetrical about the 
direction which the rays would take in the 
absence of diffraction. If the ruling is narrow 
the central band occupies a wide angle, but 
its centre of symmetry and of brightness is in 
the direction of goomotrioal reflection. Similar 
considerations apply to the other sides of the 
grooves, the direction of maximum intensity 
being, of course, quite different for these. 
Each ruling therefore provides diffracted light 
strongly concentrated in two directions, and 
spectra lying near either of those directions 
will bo relatively strong. This property is 
utilised to rule gratings which will concentrate 
the light in the spectrum of a particular order. 
The angle which a side of the groove must 
make with the plane of the grating in order 
that the central diffraction band from that side 
will lie in the same direction as the required 
spectrum is calculated, and the ruling diamond 
is set to give a groove of this form. An 
important experimental investigation on the 
effect of groove form on the intensity of 
different orders has boon made by Trowbridge 
and Wood, while various writers have disoussod 
the subject theoretically (Hoforoncos 10, 11, 
12, KJ, and others). 

§ (9) Abhknt Spbotra. — If the ruling is of 
appreciable width, the central diffraction hand 
does not extend over the whole angular field, 
and first class minima will occur in certain 
directions. The light from each of the rulings 
is zero in those din'iotious ; consequently their 
jt)int action is zero, and any spectra which 
would otherwise ho formed in such directions 
are absent. It is easy to deduce which spectra 
will bo absent when assumptions are made 
as to tho typo of ruling and the method of 
using tho grating, but such calculations lose in 
practical value from tho difficulty of predicting 
or determining tho precise form of a ruling. 
In general tho orders of absent spectra ate 
multiples of tho first absent order. Thus, if the 
2nd order is absent, tho 4th, 0th, etc., are also 
absent; if tho 3rd is absent, so also aro tho 6bh, 
9th, oto. ; if tho 4th is the first that is absent, 
then tho 8th, 12th, etc., will bo absent. It does 
not follow that the same orders are absent on 
both sides of the central image, since the centre 
of symmetry of the first class system does 
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not nsually coincide with this in the case of a 
ruled grating. Not only so, but the spectra 
on opposite sides of the central image may be 
maiidy due to light of the first class systems 
difiracted by the different sides of the groove, 
and are really due to different grating elements 
altogether, although the grating space is the 
same for both sets. With this brief notice the 
subject of absent spectra must be left. The 
reader desirous of further information must 
consult the references (2 and 3) in which the 
simple case of a grating consisting of trans- 
parent slits in an opaque screen, used at 
normal incidence, is treated at length. 

II. Types op GRATma 

§ (10) Plane Grating. — ^This, the simplest 
type of optical grating, is usually produced by 
ruling parallel lines on optically flat surfaces 
by means of an accurate dividing engine. ^ 

Two forms require mention, namely tram- 
misaion gratings, in which the rulings are on 
glass or other transparent material, and refiec- 
tion gratings, in which the rulings are on 
brightly polished metal. Transmission grat- 
ings are much more difficult to rule than 
reflecting gratings because of the hardness of 
the glass and the liability to change of form, 
if not complete breakdown, of the ruling point. 
For this reason reflecting gratings are almost 
invariably used for accurate work. On the 
other hand, small transmission gratings, suit- 
able for the use of students, can be made very 
cheaply by taking a cast in celluloid of a good 
grating and mounting this on a glass plate. 
Such film replicas are sometimes of excellent 
quality. Photographic processes have also 
been used with some success. For accurate 
work, however, it is necessary to use a machine- 
ruled grating, as slight unevenness in shrinkage 
of the films on drying renders replicas of little 
use for research purposes. 

A description of the various methods in 
which such gratings may be used is given in 
another article,® and need not be described 
here. 

§(11) Concave Grating. — Rowland dis- 
covered that if the grating were ruled on a 
concave spherical surface instead of a plane it 
produced focussed images without the use of 
a lens. This is not due to any new property 
acquired by the rulings but simply to the 
image-forming properties of a concave mirror 
superposed on the ordinary grating action. 

The mirror causes a beam of light, diverging 
from the slit, to converge towards a real image 
in accordance with the ordinary laws of reflec- 
tion. The effect of the grating is to deviate 
the rays of the convergent beam into a series 

^ Soe article on “ Diffraction Gratings, The Manu- 
facture and Testing of.” 

“ “ Wave-lengths, Measurement of.” 


of lateral spectra on either side of the geo- 
metrical image in accordance with the prin- 
ciples we have already discussed. It simplifies 
the conception of the concave grating if this 
is kept quite clearly in mind; the grating 
action is responsible for the presence of light 
in the directions given by the grating law, 
but the curvature of the wave front which 
produces the focussed images in these direc- 
tions is due to the focal properties of the 
mirror. 

Except for objects on the axis, a concave 
mirror produces astigmatic images. A point 
source so situated that the light is incident 
obliquely on the mirror gives rise to two focal 
lines respectively perpendicular and parallel to 
the plane of incidence. If instead of a point 
source we have a slit perpendicular to the 
plane of incidence, an image of the slit, drawn 
out in the direction of its length, bvit not 
broadened, will be formed at the first of these 
focal lines. It is this astigmatic image with 
which we are concerned, since it is the nearest 
approach to an “ image ” of a slit which the 
mirror will give. If S, Fig. 4, is the slit 



situated at a distance u from a concave mirror 
of radius r, the image is formed in a direction 
equally inclined to the normal and at a dis- 
tance V in accordance with the ordinary law 
for obhque reflection by such mirrors, viz. 

nr cos i 
2'U - r cos ^ 

Wherever the object may be situated, an 
image will be formed in the position given by 
this law. The quality of the image is not, 
however, equally good for all positions of S. * 
Like , all optical instruments a mirror suffers 
from spherical aberration. In the case of a 
spherical surface this aberration is least, being 
practically absent, if the object and image are 
equally distant from the mirror. Tn this case 
u=v=r cos i, that is, the object (and also the 
image) is situated on the circumference of a 
circle with PC, the radius of the mirror, as 
diameter. We may term this the focal circle ; 



DIFFRACTION GRATINGS, THEORY 


the slit must be situated on this circle if the 
imago is to bo free from spherical aberration. 

Let us now consider the effect of the grating 
action on the rays converging to S'. Part of 
the light will bo thrown into a series of lateral 
spectra at inclinations, 0, to the normal CP 
such that A(sin 0 -sin i) =m\ in accordance 
with the usual grating law. Since S, C, P, and 
any point P' on the grating are concyclic,^ 
SP'C=SPC, that is to say, tho angle of in- 
cidence is constant over the grating. All rays 
in the beam are therefore deviated to the same 
extent, so that the convergence in the lateral 
spectra is the same as in the central beam. 
Thus if S"^ is one of the spectra, 

PS''P'=PS'P', 

PP' cos 6 _ PP' cos i 

pg// - pg/ . 

cos & ^ 

or PS =?> r=rcos0. 

cos i 


Honco if tho slit is situated on the focal circle 
not only tho central imago but also tho spectral 
images are situated on this circle. 

In tho general case in which S is not situated 
on tho focal circle, tho position of the spectral 
images is still obtained to a close approxima- 
tion by regarding tho central beam as deviated 
without change of convergence, so that if v is 
tho distance of tho central imago, 


-PS' = 


cos B 

2?^ - T cos % 


• ( 0 ) 


This, however, is not quite accurate, because 
in tho gonoi’al (uxso tho angle of incudenco on 
tho grating, and consequently tho deviation 
of tlie rays by th(i grating action, varies across 
th(» surfatio. Tho oonvergonco of tho spectral 
beams is therefore not exactly equal to that 
of the central beam, altliough each ray is 
simply doViat(^d in ac-c.ordance with tho relation 
(sin 0 - sin i) ccmstant, and tho ])<)ints of con- 
vergence such as S" are nearer or further from 
the grating than indicated by (il). Tho correct 
formula “ is more readily obtained on somewhat 
different linos than those followed above, which 
have boon adopted in order to show that tho 


* Tho {liaiuot(‘r of the* grating is never such a 
large fraction of Its radius of (uirvatnro that the 
cUstarKH^ of any point on it from tiu^ focal circle is 
a})l)reciai)Ie. 

* This formula is 

, ntomy 

‘ ‘ "wrCcoH i 4 c<)S ^/) ' V cos'-* i’ 

Tile condition for the formation of an optical imago 
Is that terms Involving tlm square of the aperture 
slionl<l vanish in tlie (^XT)reHsion for tho retardation 
of rays from dith'ront parts of tho ar)erture. Tho 
ai)ovo formula follows at one«^ hi tho i^aso of a mirror 
If Q is difforont from i. When that is for the 
ordinary cat.optrlc imago, it reduces to the usual 
formula connecting u and v. 


focal effect is purely the ordinary property of 
the concave mirror, and that the effect of the 
grating, whether plane or concave, is merely 
to deviate the light into lateral spectra in 
accordance with the grating law. 

The error of formula (9) is very slight in any 
case of practical importance. Since the grat- 
ing merely deviates the rays, the aberration 
which characterises the central image if the 
slit is far from the focal circle also characterises 
the spectral images, so it is necessary for good 
definition to keep to the concyclic arrangement. 

True focal effects of gratings, which do not 
depend on mirror action, may be encountered 
if the grating space is not constant but varies 
accordhig to certain laws. These effects are 
discussed in the article on the “ Manufacture 
and Testing of Diffraction Gratings ” and need 
not he referred to further here. In any case 
they are freak effects and cannot be produced 
at will on any type of ruling engine at present 
in use. 

Discussions of the aberrations of concave 
gratings will be found in references 26, 27, 
28 and others. 

In Rowland’s method of mounting the grat- 
ing the slit is placed at such a point on the 
circumference of the circle that the spectrum 
is formed at 0, i.e. 6=0. This arrangement 
gives a normal spectrum, i.e. a spectrum in 
which equal distances on the photographic plate 
(which is bent to be tangential to the focal 
circle) represent equal increments of wave- 
length. We saw earlier (§ 7) that the disper- 
sion of a grating,. cZ^/dX, =w/A cos d. The rate 
of variation of dispersion from one part of the 
spectrum to another is 

d fdd\ _ - m sin ^ 

dd \5x/ “ A C08““ 6 ’ 

and is zero if 0 =0. 

In tho apparatus used by Rowland the 
grating and photographic plate are mounted 
opposite each other at the ex- 
tremities of a rigid beam GP, Fig. 

6, P being at the centre of curvature Q 
of tho grating. The two ends of 
the beam can be moved along rails, 

S A and /Sf B at right 
angles to each other. The 
slit is mounted at S, It 
is obvious that whatever 
position GP 
occupies S is 
on tho semi- 
circle with GP 
as diameter. Fig. 5 

The instrument 

when once adjusted is therefore always in focus. 
All that is required is to move the bar GP 
until the required spectrum occupies the plate. 
Full details of the use of Rowland’s mounting 
are given in Kayser’s Handbuch der Spectro- 
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scopief vol. i. A defect of Rowland’s mounting 
is that it takes up very considerable space. 
An arrangement in which the plane of the 
apparatus is vertical, so that all except the 
sUt and camera are contained in a pit beneath 
the floor, has been described by A. S. King (20). 
Eagle (21) has described a most useful mount- 
ing for a concave grating in which the centre 
of the plate coincides (virtually) with the slit. 
Full details and a critical comparison of its 
advantages and disadvantages as compared 
with Rowland’s mounting are contained in 
the paper. Its two main advantages are that 
higher orders can be used and that the astig- 
matism of the spectrum is very much less. 
The outstanding defect of concave gratings is 
the astigmatism of the images, particularly in 
the higher orders, for although this does not 
afiect the sharpness of the definition the bright- 
ness is greatly impaired, which is a serious 
matter in photographing faint spectra. With 
Eagle’s mounting much shorter exposures are 
required than with Rowland’s arrangement. 

§ (12) The Eohelhtte. — For work in the 
infra-red region R. W. Wood (10) constructed 
gratings of wide spacing, A = -0123 mm. These 
were ruled on a gilt copper plate, using the 
120° angle of a carborundum crystal. In the 
majority of cases this was mounted to cut 
grooves one face of which made an angle of 
about 20° with the original surface. With 
normal incidence these facets give a concen- 
tration of light with the centre at 40° from 
the normal. With visible light such gratings 
throw the energy into a small group of 
spectra near the 15th order on one side of the 
normal. They show no central image nor 
any spectra to the other side. According to 
Wood,^ “ The gratings behave, with infra-red 
radiation of wave-length above, say, 3/a, as 
almost ideally perfect gratings ; that is, they 
give spectra similar to what we should have 
with an ordinary grating which threw prac- 
tically all of the light into one or two orders 
on one side of the central image.” For this 
wave-length, 3/a, the brightest spectrum will 
be of the 2nd or 3rd order. The useful spectra 
for wave-lengths in this neighbourhood are 
not therefore of high order ; so that the re- 
solving power is much less than for visible light. 
This is no actual loss, however, because the 
relatively large width of the radiometric re- 
ceiver makes it impossible to utilise such high 
resolving powers as in the visible and photo- 
graphable regions of the spectrum. 

Wood has termed these gratings “ Echel- 
ettes ” because, in their relatively large phase- 
step, about 16\ for visible light, they lie 
between the ordinary grating and the Echelon, 
which we are now about to describe. 

§ (13) The Echelon. — This instrument, 
which was devised by Professor Michelson (29), 
^ Physical OpUcs, 1911, p. 229, 


is as unlike the traditional grating as possible. 
It consists of a number of glass plates, of 
precisely the same thickness and ])lano parallel 
to a high degree, arranged like a flight of stops, 
or in echelon, whence the name. The width 
of the steps is made as accurately equal as 
possible. If the light is incident normally on 
the broadest plate. Fig. 6, some of it emerges 
from each of the 
steps which act as 
rectangular aper- 
tures and diffract 
the light over a 
very small angle. 

The light emerg- 
ing from any step 
has traversed one 
plate more or less 
than from the 
next, so there is 
a constant phase- 
step depending on 
the thickness and 
refractive index of 
the plates. Let 
a e and c e* be rays diffracted in a direction Q 
from the outer edges of two adjacent stops. 
Let c / and 6 p be perpendicular to a e. 
The difference in optical path is obviously the 
difference between 6 c in glass and a / in air. 
Let i be the thickness and ^ the width of a 
step, then 

af=gf—ga^tcos sin 

since 6 is necessarily very small. 

Thus the phase-stop is 

A spectrum line of the 9/?-th order will therefore 
be formed when 

. . ( 10 ) 

Since 6 is very small 7n is a])proximately 
(/A-l)f/X. For a plate of thickness 2 cm. 

is about 20,000 wavo-lcngths for green 
light, and the order of tho spectrum is 20,000 
or so. 

Tho dispersion, 



“I X "'dx//^’ 
ht 

where (/a - 1 ) - | 

and is purely a property of tho glass. I1i(‘ total 
aperture Ls nfi whore n is the nunOx'r of 
plates. The minimum angle rcsolvabh^ is therefore 
X/»j3. 
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The mininnim wave-length difloronco resolvable is 
' dd^nbi* 


Hence tho resolving power, R, 


But 


_ X nbt 
~'dX~‘ 

OT=(;t-l)*, 


( 11 ) 


(A^-l) 

Thus tho eflect of tho dispersion of tho glass is to 
ineroaso tho resolving power (sinoo dfjL/d\ is -ve) 
from that given by tho ordinary grating formula 
K^mn. In tho case of a particular echelon described 
by Baly,^ ya- 1, in tho neighbourhood of tho aodiuin 
line, was 0-574(5, while ya- l-X(d/^/^iX) was 0-01(55. 

For an ocliclon of 20 platos 2 cm. thick, tho 
resolving })owor is a little over 400,000 for 
visible light. Suc.h a grating would therefore 
resolve lines dilforing in wave-length by only 
one foiir-hundrodth of tho dilTerence of the 
sodium lines. 

This largo resolving power, obtained with 
a rtdativoly small aperture,^ may appear to 
cjontradiet tho conclusioii of jj§ (0) and (7), that 
tho resolving power for a given aperture was 
indopen<l(\nt of tho grating Hi)aoe. Wo were 
there concjorned witli ordinary gratings in 
which the phase retardation between adjacent 
<d<^ments depends simply on tho obliquity of 
the light. 

must not confuse the width of the echelon 
step with the gniting space of an ordinary grating. 
'I’lu' width of th(^ step corr(‘Hpotids to the width of 
one of th(‘ elenuMitury ap<‘rtui'es of the grating and 
(leU’nniiu*s tlu* <liHlrilmtiori of light in the field in 
ac<'ordaiU'e with (2), hut tlie analogue in the ease 
of the echelotj to the grating S])a('e of the ordinary 
grating is the H<‘para(loii of the apertures imralH 
(o the. icjififh of thf^ rchrh)u wliich intro<luceH the 
enormous phtise-step (ya- jy (approx.) h<‘tween rays 
from eorn'sponding points of th<^ dilTen'nt apertures, 
'riiis n‘Hult.H in a diHf)ei*sion very much grcwiter than 
anyfihing obtninahh^ with an ordinary grating, so 
that for a giv('n total apertuns and tU<‘r(*fore given 
n'Holving pow(‘r in angk, tlie spectral resolution is 
gr(‘atly uiereaHt-d. An ordinary grating of 20,000 
lines p(br iiudi would r<‘<|uirc to h(‘ t(*n inches long 
to give th(^ saimt si«‘el,ral resoluthm in tho aocoiul 
ord(T as wo old^iin with an echelon of under an 
ineh. 

H’he dinieult.i<»H of ruling sueh a grating are very 
eonsiderabhs and v(‘ry ftw of this haigth have been 
pr(i<lii(’(^d at the i)r(‘Hent tim(\ when^as tho echelon 
W{‘ hav(^ numtioned is hy no nu'anH an extreme wise. 

Tho angular field within whioh all tho 
phonom<ma an^ oompnwsod is tho angular 
width t»f tho central difTratdIon hand from a 
single atxu'turo. This is 2 sirr ^ (X/Z-i) ~2X/j«. 


The angular separation of successive orders ' 
will be given by ddjdm since m is large. 

From (10) 

Thus the distance between two orders is half 
the width of the total region in which light 
is available. There will thus in general be 
two orders visible, of different intensities unless 
they happen to be symmetrical with respect 
to the centre of the diffraction maximum. By 
slightly altering the angle of incidence one of 
the orders may be brought to the centre, 
when it will bo of maximum brightness ; the 
spectra of adjacent order on either side then 
coincide with tho diffraction minima, and are 
invisible or faint. These two positions are 
termed positions of single or double order. 

Though not more than two orders of one 
wavelength are in the field at once, if another 
wave-length is present this will appear in some 
other order. The mtli order of wave-length X 
will coincide with the (m ± 3?)th order of wave- 
length \7nj(m±p)f where <p is any integer 1, 
2, 3, . . ., etc. Since m is largo, a very slight 
range of wave-length indeed -will give rise to 
so many overlapping spectra of different orders 
that complete confusion will occur. With the 
sodium linos, for instance, if Di is in the 
20, Booth order may bo in the 20,020th. 
Tho lines may overlap or lie between one 
another, or, in fact, have any relative 
position whatever, depending on the exact 
thickness of the plate and the exact angle of 
incidence. 

Thus very homogeneous radiation must be 
employed or the appearances presented are 
unintolligiblo. In practice, therefore, tho light 
is always analysed by means of an auxiliary 
spoctroscopo, usually a prismatic instrument, 
though flomotimoB a grating is employed, and 
only that radiation is allowed to enter tho 
echelon whioh it in desired to examine. 

Another drawback to tho instrument is this. 
The closest doublet whioh a grating will 
resolve is, as wo saw in § (0), so])aratod by 1/nth 
of tho Reparation of adjacent orders. Since 
tho useful lield is tho space between two orders 
wo can only examine a range of wave-length 
of about n times tho resolvable minimum. 
Since, in tho ease of tho echelon, n is so small, 
this limitation is serious. It is clearly advan- 
tageous for a given resolving power to use a 
large number of thin plates rather than a 
smaller number of thick ones. However, owing 
to ])raotical cliltioulties of construction and to 
loss of light hy reflection at interfaces, it is 
not feasible to uso a very large number of 
])lates. There is little gain in going beyond 
30, while most echelons have under 20.® 


' ** Hp<i(it.roH(‘()py,” chapter vl, 

• /3 is usually about 1, mm., so nfi Is 2 cm. In tho 
case wc are (llscusslntf . 


“ M<*HsrK. Adam Tinker, as tho result of improved 
inethodH of (ionstructlou, Iiave recently put echelons 
of llfty-six plates on tho market. 
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Since a broadened line, or the components of a 
multiple line may extend over the whole width of 
the first class m aximuTn , the apparent brightness will 
be misleading. Correction must be made for the 
distribution of intensity within the field. The 
formula of § (2) reduces in this case to 

sin^ (TTjS/X)^ 

where Iq is the intensity at the centre of the diffraction 
band. An experimental investigation of the agree- 
ment of practical results with this formula has been 
made by Burger and van Cittert (Ref. 33), who also 
pointed out that owing to that side of a spectral 
maximum which is further from the centre of the 
field being more weakened than the other, the position 
of the TY\fl,-irinmm is appreciably displaced towards 
the centre of the field. They found errors amounting 
in some cases to 0*6 per cent of the width of an order. 
This displacement appears to have been generally 
overlooked by users of the instrument. It is ana- 
logous to the displacement of the secondary maxima 
on account of their rapidly diminishing intensity, to 
which attention was called in § (2). 

When all its difficulties have been taken 
into account, however, the Echelon remains a 
beautiful and powerful weapon of physical 
research. It is easy to use, requiring little 
adjustment, and as the pioneer among spectro- 
scopes of extreme resolving power, has been 
responsible for the opening up of important 
fields of investigation previously inaccessible. 
The actual use of the instrument is dealt with 
in another article.^ 

§ (14) Dtiifbctivb Gratings. — We have 
hitherto assumed ideal gratings and investi- 
gated their properties. In practice gratings 
may suffer from various defects. Principal 
among these are departures from exact equality 
of the grating space over the whole grating. 
The effects of such errors are dealt with in 
another article,^ and we need only mention 
here that any periodic variation in the ruling 
virtually constitutes a second grating of which 
the grating space is equal to the periodicity. 
Thus a spectrum line is flanked with a series 
of faint companions which are simply lateral 
spectra produced by the second grating. Such 
companion lines are termed ghosts. Variations 
in optical thickness of the plates of an echelon 
may also give rise to ghosts. Aberrations of 
another character may also be found in echelons 
due to the clamping of the plates (30). Stans- 
field and Walmsley (32) described a case in 
which an asymmetrical distribution of light in 
the secondary maxima resulted from this cause. 

A useful treatment of imperfect gratings has 
been given by Sparrow (35). 

.. §(15) CoNOLUsiON.— In an article of this 
length it has been quite impossible to deal 
exhaustively with the subject of diffraction 

^ “ Modern Spectroscopy.” 

® " Diffraction Gratings, The Manufacture and 
Testing of.” 


gratings, either in the theoretical or practical 
aspects. It has not been possible to deal with 
the practical methods of mounting employed, 
and for such information the reader is referred 
to Kayser’s Eandhmh der Spectroscopie, vol. i., 
to Baly’s Spectroscopy, and to several of the 
papers mentioned in the bibliography. On 
the theoretical side, space has forbidden refer- 
ence to the state of polarisation of the dif- 
fracted light from the grating elements (37 
to 43). To repair these omissions and supple- 
ment the information contained in the article, 
a bibliography is appended which, though far 
from complete, will be found useful by those 
desirous of pursuing the subject further. 
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DiFKirsER, a surface which scatters the light 
falling on it so that the light rofioctod or 
transinittod is distributed according to the 
cosine law. See “ Photometry and Illumina- 
tion,” § (51). 

DlFKirsioN-AiiEA INSTRUMENT: a type of 
<»I)hthalmut instriiinont which dejicnds upon 
diiTusion annis for tlu^ extinction of refrac- 
tion. See Ojdithalmic Optical Ai)i)a- 
ratus,” § (10). 

iliKFwsrviTY, Visual. See “ Kyc,” § (19). • 

Dip of Sea Horizon : method of measuromont. 
S(H^ “ Navigation and Navigational Instru- 
ments,” § (24). 

Hekragtometer : a direct- reading 
refra(diometer of limit<gl range used for 
speculie. purposes. See “ Spectroscopes and 
Kofraetometei's,” § (10). 

Diheot IjIguting. See “ J*hotometry and 
Jllumination,” § (71). 

Diueot Vision Spegthosgope. See “ Spootro- 
seopes and Refraetometers,” § (19). 

DIREGTION, pERGEl»TrON OP SOUND. SoO 
“ S(mn(l,” § (57) (v.). 

Dirkgtional WtreijESH Teleoraphy, its 
aj)i»rKiation to ])OHition fixing at sea. See 
“ Navigation and Navigational Instru- 
ments,” §§ (25), (20). 


Disc, Rayleigh, used as a sound detector. See 
“ Sound,” § (66). 

Discharge Tube, the phenomena of the 
vacuum. See “ Radiology,” § (3). 

Disintegration Theory of radioactivity, 
put forward in 1903 by Rutherford and 
Soddy to explain the continuous production 
of radioactive matter. See “ Radio- 
activity,” § (7). 

Dispersion, Irrationality of. See “Op- 
tical Glass,” § (2). 

Dispersion, Rotatory. See “ Polarised 
Light and its Applications,” § (21) (il). 
Biot’s Investigations of. See “ Quartz, 
Optical Rotatory Power of,” § (3) (i.). 
Drude’s Theory of. See ibid., § (3) (ii.). 

Dispersion, Rotatory, Experimental In- 
vestigation, Drude’s Theory of. See 
“ Quartz, Optical Rotatory Power of,” § (4). 

Dispersion in grating spectra. See “ Diffrac- 
tion Gratings, Theory of,” § (6). 

Dispersion of Light. The separation of a 
beam of light into its constituent colours, 
each due to a wave of definite length. See 
** Spectroscopes and Refraetometers ” ; also 
“ Modern Spectroscopy.” 

Distortion of Optical Images. See “ Tele- 
scope,” § (3). See also “ Lenses, Aberrations 
of,” § (6) ; “ Optical Calculations,” § (18). 

Diurnal Variation of Daylight. See 
“ Photometry and Illumination,” § (74). 

Diversity Factor (in Illumination) : the 
ratio of the maximum to the minimum 
illumination found within a given area. 
See “ Photometry and Illumination,” § (70). 


DIVIDED CIRCLES 
I. Historical 

§ (1) General. — ^The graduated or divided 
oirolo is the basis of all instruments for 
measuring angles. The earlier circles were 
divided by hand, and in order to get any degree 
of accuracy they had to be of large diameter. 
During the last 160 years there has been a 
great development in the art, and it is now 
possible to obtain circles of a foot or 18 jin. 
diameter in which no division has a greater 
error than 2 seconds of arc, while the 
probable error of any division is less than half 
a second. The first notable example of a 
divided circle was a mural circle of 8 ft. 
radius divided by George Graham for Green- 
wich Observatory in 1726. Two circles of 
96-86 and 95-8 in. were marked ofle^ by 
beam compasses, the inner, or working circle 
being graduated to degrees and twelfths of a 
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degree. The chord having the same length 
as the radius gave the 60® point, with the 
points 0® and 60® as centres, and a distance 
on the beam compass very nearly equal to 
the chord of 30® ; two light dots were made on 
the arc, and the distance between these was 
bisected by hand, using a magnifying glass, 
thus giving the 30® mark. The chord of 30® 
set ofE from the 60® point gave the 90® pomt. 
Each 30® arc was then bisected in a similar 
manner, and the resulting divisions trisected, 
thus dividing the quadrant into 6® spaces. 
These were then divided into 6 parts, giving 
single degrees, and the twelfths of a degree 
were found by further bisection and trisection. 
The outer circle was divided into 3 parts 
as before, and each of these into 612 parts by 
continued bisection. This method was con- 
sidered more accurate than the first, and the 
resulting divisions were used as a check on 
the inner circle. 

John Bird ^ in 1767 divided a similar circle. 
He first prepared a lineal scale of equal parts, 
and having obtained the 60® point by laying 
off the chord equal to the radius, 30® and 90® 
were obtained by laying ofi the chord of 30® 
from the 60® point, the length of this chord j 
being obtained by calculation and measure- 
ment from his scale. From 60® the chord of 
16® was laid off giving 76®, and from this the 
chord of 10® 20' gave 86® 20', which was 
checked by the chord of 4® 40' from 90® ; 
85® 20'=6' x2^®, hence the further subdivision 
of this can be found by continued bisection. 
The remainder of the quadrant beyond 85® 20' 
contains 56 divisions of 6' each ; the chord 
corresponding to 64 such divisions was laid 
off, and subdivided by continued bisection as 
before. 

§ (2) Troughton. — Edward Troughton 
adopted another method for dividing (de- 
scribed in PMl. Trans, f 1809, as applied to a 
4 ft. circle). The circle to be divided was first 
accurately turned on its inner and outer edges 
as well as on its face. A cylindrical roller 
was then made of such diameter that it re- 
volved 16 times on its axis when rolled 
once round the outer edge of the circle. The 
roller was then divided as accurately as pos- 
sible into 16 equal parts by lines parallel 
to its axis, and was mounted on a framework 
which could slide round the circle, the roller 
revolving by means of frictional resistance on 
the outer edge of the circle. Two microscopes 
attached to the frame served to observe the 
circle and the divisions on the roUer respec- 
tively. By means of these microscopes the 
points of contact of the marks on the roller 
with the circle were observed and marked on 
the circle by dots ; the circle was thus divided 
into 256 nearly equal parts. Two microscopes 

1 John Bird, The Method of Dwiding Astronomical 
Instruments. London, 1768. 


A and B were used to obtain the errors of 
these dots ; they were placed so as to bisect 
dots 0 and 128 respectively ; the circle was then 
turned so that A bisected 128. B should then 
bisect dot 0 ; if it did not, then half the move- 
ment of the cross-hairs necessary to bisect the 
dot gave the error of the dot, and this was 
measured on the micrometer screw. Micro- 
scope A was then again set over dot 0 and B 
over dot 64 ; the circle was then turned till A 
bisected dot 64. B should then bisect dot 
128 + the error already found for dot 128 ; half 
the residual error gave the error of dot 64. 
Similarly the error of dot 192 was found. By 
continued bisection in the same manner the 
errors of all the other dots were found. The 
final graduations were required at 6' intervals, 
and to obtain these a sector with about four 
times the radius of the. roller was mounted 
concentrically on the roller, so that it normally 
turned with the roller, but could be adjusted 
independently. The sector was divided as 
accurately as possible into divisions such that 
it would revolve one division on its axis for 
each 5' which the frame was moved round the 
circle, 16|- of such divisions corresponding to 
tV of tb© circumference of the sector, i.e. to 
the amount the sector would revolve as the 
roller moved between two consecutive dots on 
the circle. Sixteen such divisions were marked 
on the sector, together with an extra division 
at -each end which was divided into Jths. 
Two microscopes H and K wore carried by 
the frame, H reading on the circle and K on 
the sector ; the frame was then adjusted so 
that H read dot 0, and the sector adjusted 
with its zero under K. The zero mark of tho 
circle was then cut under H by a dividing knife, 
and the frame moved till the sector had re- 
volved one division under K ; the next lino 
was then cut under H, and so on, until 16 
divisions had been cut. Before cutting tho 
17th H was adjusted over dot 1, duo allow- 
ance being made for its error ns already deter- 
mined, and the sector was set to division - 4 
under K ; the graduations between dots 1 and 
2 were then cut on tho circle. In this way 
the errors of the dividing were controller, d by 
the dots and prevented from accumulating. 

§ (3) Copying. — ^When a circle has once boon 
accurately divided it can be co])ied by ■i)lacing 
the master circle and the blank concentrically 
on a table, and laying a straight-edge to each 
division of the master circle in turn, and 
cutting the division on tho blank with a 
dividing knife. 

§(4) Dividing Engines. — Modern circles 
are invariably machine divided. • Tho first 
notable dividing engine was made by Josso 
Bamsden,® and an account of this machine was 
published by the Commissioners for Longitude 

® J. Eamsden, Description of an Knuine for Dwidina 
* Mathematical Instruments. London, 1777. 
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ill 1777. This and all later engines are made 
on the same general linos; the work to be 
divided is mounted concentrically on a circular 
plate which revolves on a vertical axis. This 
plate has teeth cut on its edge and is rotated 
by a worm ; the worm is moved by a ratchet 
driven by a band wound round a cylinder, 
sto])S being provided to ensure the worm being 
turned the correct amount. In the earlier 
machines the band was pulled down by a 
treadle, the other end of the band being 
attached to a weight. On pressing down the 
treadle the plate was rotated by a definite 
amount ami the divisions marked on the circle 
by hand. On releasing the treadle the ratchet 
allowed the weight to descend without rotating 
the worm. In later machines the cuts are 
made automatically, thus enabling the engine 
to bo power driven. 

In 1793 Edward Troughton comjdeted a 
somewhat similar machine. Others have been 
made by Andrew Ross,^ William Simms, ^ and 
others in this country and abroad. 

11. MoDKiiN Dividing Engines 

§ (6) Dkscuh’tion.— One of the best and 
most modern of these was completed by 
Oeorgo Watts in 1905. This machine and 
the methods used in constructing it will be 
doseribod below. 

It will bo seen from what has been said 
that the principal aim is to construct an 
accurate worm and worm-wheel so that one 
revolution of the worm shall revolve the 
worm-wheel through a predetermined angle, 
no more, no loss, with the smallest possible 
amount of chwiation, and this must bo true in 
any relatives position of the worm and wheel. 
The only (uu’tain method of iiroducing such a 
worm-wheel is to exit the tooth one by one 
from an axKmrately divided circle, and unless 
such a eirele is available the first stop is to 
divi<lo one. in order to carry this out the 
following jirecautions were taken. The work 
of dividing and testing was carried oxit in a 
spoiiially constnuded room where the tem- 
perature could bo maintained constant within 
one degree Fahr. I'lui circle A {Fig. 1) to bt' 
graduated nwolved smoothly upon an accu- 
rately maebim^d axis without the susjucion 
of any journal shako. The bearings of this 
axis wer(» c.arried by a very rigid frame C, 
which was so dc^signinl as to furnish also a 
rigid circular table i), somewhat lower in 
height and a little larger in cUamotor than 
the circle to be graduated. This circular table 
was for the purpose of mounting micrometer 
micu’oscopes at different positions round the 
circle. These microscopes should bo of suffi- 
cient power to detect clearly an amount oq,ual, 

' Trans. Soc. Artn, 1830-JU. 

* Memoirs of the A8tro7iomieal tSociety, 1843. 


in angular value, to the tenth part of a second 
on the circle. Some idea of the power neces- 
sary can be obtained from the fact that in 



linear measure this amounts at 4 ft. diameter 
to about inch. The design for the 

mounts of these microscopes must be very 
carefully considered from the point of view of 
temperature changes, as a cold draught striking 
one side of such a mount may produce errors 
which are by no means negligible. 

Another essential piece of apparatus is a 
mechanically mounted steel or diamond cutter 
for cutting the actual divisions to be read by 
the micrometers. This cutter must be so 
mounted and swung that it can be lowered 
into contact with the circle, moved across it, 
and again raised mechanically without any 
direct impetus or control of the hand. Ob- 
viously also the moving parts of this mech- 
anism must be free from the least shake, 
while at the same time perfectly free to move 
or swing with the least possible friction. 

§ (0) Dividing the Master Circle.— The 
cutter mechanism was securely bolted down 
to the table D, and the first line ruled (0°). 
Then by actual measurements the position of 
the 180° line was determined, and this position 
brought as nearly as possible under the cutter. 
A micrometer microscope A was then mounted 
and adjusted exactly over the 0° line, i.e. 
directly opposite the cutter, and 180° line 
ruled ; the circle was then revolved as nearly 
as possible through 90°, and microscopes 
B and C mounted over the marks already 
cut; they will thus be about 90° from A. 
Microscope B was then adjusted exactly over 
the zero mark and C over the 180° mark, and 
the circle turned till the zero mark was exactly 
under C ; if the 180° mark had now appeared 
exactly under B, both marks and microscopes 
would have been exactly 180° apart, but if 
not, the error was shared equally by the posi- 
tions of microscope B and line 180°. The 
total amount of this error was read on the 
micrometer, and the zero line again placed 
under the A microscope, but with its error 
allowed for on the A micrometer, and a fresh 
180° line was ruled. This was again tested, 
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and the process repeated until the two lines 
0° and 180° had no appreciable error ; the 
micrometer reading at A corresponding to the 
point exactly opposite the cutter was then also 
known. The zero hne was then adjusted under 
B and the 90° line cut ; 0° was then placed 
under C, when 90° should appear under A. 
As before, the error was read off, half this error 
being in the position of the 90° line, and half 
m the positions of B and C. A correct 90° line 
could therefore be marked, and the 270° line 
followed. By similar methods, and using more 
microscopes, accurate lines were cut first every 
46° and then every 22^°. This gave 16 funda- 
mental lines. By the same methods of trial 
and error microscopes D and E were placed 
120° from A and the 120° and 240° lines cut. 
By placing each of the original 16 lines under 
each of the three microscopes A, D, and E in 
turn, three times 16, or 48, lines were obtained. 
On the same principle five microscopes were 
placed at equal distances round the circle, 
and more lines out, thus giving 240 fines in 
aU, or one every IJ®. So far the work was 
straightforward, if tedious ; but these divisions 
had now to be divided into 18tha in order to 
obtain 6' spaces. 

For this purpose micrometers were mounted 
at 0°, 70° 30', and 141°, and the two spaces 
included were trisected, i.e, intermediate 
micrometers were mounted at 23° 30', 47°, 94°, 
and 117° 30'. By this means 720 divisions were 
obtained, or one every J°. Three micrometers 
were then mounted at 0°, 60° 30', and 121°, 
and the two spaces subdivided into three by 
micrometers mounted at 20° 10', 40° 20', 
80° 40', and 100° 50'. By this means 2160 
divisions were obtained, or one every 10 
minutes. Finally four micrometers were 
mounted at 0°, 40° 10', 80° 20', and 120° 30', 
and the three spaces bisected by micrometers 
at 20° 5', 60° 15', and 100° 26'. This gave the 
required 4320 divisions, or one every 5 minutes. 

§ (7) Testing. — The circle being thus 
divided the same geometric process was em- 
ployed to ascertain the individual errors of the 
graduations, which were tabulated. An en- 
tirely fresh set of graduations was then cut, 
using a slightly different diameter of circle, 
the errors being eliminated, as far as possible, 
by making the appropriate allowances on the 
micrometers. The errors of this new circle 
were again determined and tabulated, and yet 
another circle divided. It was found that the 
individual errors were considerably diminished 
with each cycle of operations, and after a con- 
siderable number of such cycles, involving 
about six months of very tedious work, a ring 
of divisions was obtained the errors of which 
were known, and with one or two exceptions 
were weU within J second of arc. 

§ (8) Teeth Cutting.— The next step was 
to cut the teeth of the worm-wheel. In the 


place where the driving worm was finally to be 
mounted was placed a spindle carrying a 
multi - toothed V cutter of about 36° angle. 
The axis of this cutter was mounted in an 
inclined position, not parallel to the plane of 
the revolving table. The amount of this 
inclination was the mean angle of that portion 
of the thread of the worm that was to engage 
and drive the revolving table. Mechanical 
means were provided for revolving this V 
cutter and also for feeding it into the edge of 
the revolving table as required. There were 
also two or three warning devices for the 
purpose of indicating when the cutter was 
well out of contact with the revolving 
table so that the latter could be moved 
with impunity. 

Seven micrometers were then mounted round 
the revolving table, and also, in a convenient 
position among them, a firm clamp and slow- 
motion screw for holding the table, and bring- 
ing it to the required position before each 
individual tooth was out. This position was 
determined by the positions of the several 
divisions under their respective microscopes, 
due allowance having been made on each 
micrometer for the tabulated errors of each 
graduation. The V cutter was then entered a 
certain depth into the metal at the periphery, 
and again swung clear. When the “ safe ” 
position was indicated by the warning devices 
the table was revolved to the next division, 
and the cutter entered again, and so on all 
round the table without removing the cutter 
to resharpen it (it had been so prepared 
as to stand up well under this test of its 
durability). 

In the dividing engine described there are 
two rows of teeth, one above the other, the 
upper row sx^aced 10 minutes ax)art, and the 
lower 5 minutes. The pur])()HO of this arrange- 
ment was to simplify the driving mechanism 
and also to provide more equal wear on the 
bearings of the main spindle of the engine. 
The tooth - cutting operation was repeated 
three times round the entire (urcle in the case 
of the upper and dee])er row of tooth, and twice 
in the ease of the lower row, the final cut in 
each row being a very light one and effected 
with a 40° V cutter. The teeth of the cutter 
were well washed with turpentine during tlu^ 
whole operation, to facilitate the cuitting of 
the metal, which was a very tough alloy of 
bronze. 

The first care after cutting the teeth was to 
protect them, and for this pur])o 80 the rigid 
circular table provided a x)ermanent support 
for a substantial cast- bronze shell bolted to it 
in segments, which coinx^letely surrounds the 
teeth, except where the worm-screws engage 
them. 

§ (9) Deiving Mechanism. — It now re- 
mained to provide suitable mechanism for 
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driving the revolving table, and cutting the 
divisions, each to have a suitable adjustment. 
Intermittent motion had to be provided for 
the former, and co-ordinated with this in a 
very positive manner, a “ tracelet,” or mechan- 
ism operating the actual cutting knife, with 
its automatic movements. Both are very 
simple in principle. The intermittent move- 
ment of the worm-wheel is arranged as follows : 
There is, mounted on the worm-spindle A (Fig. 
2), and'rigid with it, a ratchet wheel B, engaged 
and driven by a pawl C, which revolves on a 
spindle D. This spindle is separate from, but 
with its axis in exact prolongation of, the worm- 
axis. A coarse V-shaped worm E, round 
which a cord is passed several times, is rigidly 
mounted on axis D ; one end of this cord is 
attached to a pin on a revolving arm E, the 
len^h of which can be 
varied ; the other end of _ 
the cord carries a weight. ” 

On revolving the arm F the 
cord round E will be alter- 
nately pulled and released. 

The pawl, therefore, will 
be revolved round its axis 



alternately in opposite I 

directions. In one direc- I 

tion it will carry the worm 1 

round with it by the pawl /j 

engaging in the ratchet wheel, 
and in the other direction 

the pawl will slide back 

over the ratchet wheel teeth. Fig. 2. 

Thus the worm - wheel is 
alternately revolved and left stationary. The 
amount of revolution imparted depends on the 
amount of pull and release given to the cord, 
or, in other words, to the length of the arm 
F ; this controls the spacing of the graduations. 
Various adjustments and limiting devices are 
introduced to make the apparatus as positive 
in its action as possible. 

As regards the tracolet ; two movements of 
the cutting knife are necessary — one a lowering 
and lifting movement, and the other a travers- 
ing movement ; the former to bring the knife 
into contact with the surface to bo graduated 
and to raise it again, and the latter to cut the 
division. There are several methods of auto- 
matically accomplishing the movements ; one 
of the simplest is shown diagrammatically 
in Fig. 3, where A is the cutting-frame, having 
at one end a knife or cutter, while the other end 
is prolonged in order that the cam C, when 


revolving, may come in contact with it and 
alternately lift and lower the cutter at the 
other eni It is important for this cam to 



revolve at exactly the same rate as the revolv- 
ing arm F (Fig. 2), and to be so adjusted that 
the cutter is out of contact with the work 
being graduated while the latter is being 
rotated by the worm. The shaft carrying the 
lifting cam C (Fig. 3) also carries a pinion 
geared with a definite ratio (in the case illus- 
trated 1 : 6) into a larger gear wheel D, the 
spindle of which carries a large cam wheel E, 
having 6 equally spaced projections round its 
edge. In close contact with this undulated 
edge is a “ feeler,*^ or a projection of the 
member F, which is a right-angled frame 
pivoted at G, into the lower end of which the 
cutting-frame A is pivoted at B. H is a 
weight for determining the pressure of the 
cutting knife on the work, and I is a weight to 
keep the “ feeler ” in close contact with the 
edge of the cam E. The amount of the travers- 
ing movement communicated to the cutting 
frame, and therefore to the cutter, is controlled 
by the radii of the projections of the cam E. 



Fig, 4. 

In the case illustrated the apparatus would 
produce graduations somewhat as illustrated 
at J (Fig. 3), the firm linos being cut during one 
revolution of the cam E. The machine is 
illustrated in Fig. 4. 




58 


DIVIDED CIRCLES 


III. Methods oe Reading 

§ (10) Method of Reading. — Circles are 
read by a single pointer, by a vernier, by a 
reading microscope, or by a micrometer micro- 
scope, these being mentioned in their order of 
increasing accuracy. 

§ (11) The Vernier. — Suppose a scale divided 
into equal divisions, with a second scale 
sliding alongside it, the divisions of the second 
scale each 1/nth smaller than those of the main 
scale. The second scale, or “ Vernier,” 
generally contains only n divisions. If the 
zero of the vernier coincide with a division of 
the main scale no other division will coincide 
except the nth, which will coincide with the 
(n-l)th division of the main scale. If the 
vernier be now moved along a distance of 1/nth 
of a division of the main scale, the first division 
of the vernier, and only the first, will coincide 
with a division of the main scale ; similarly, if 
it be moved w/n of a main division, the mth 
division of the vernier will coincide with a 
division of the main scale. As the eye is very 
sensitive to lack of continuity in a line, this 
forms a very sensitive device for splitting the 
main divisions of a scale. With the aid of a 
magnifying glass a 6-in. circle can easily be 
read by a vernier to 30" of arc, and with a little 
care to 10". It will be seen that the divisions 
of the vernier might equally well be 1/wth 
larger than those of the main scale, but in this 
case the divisions of the vernier must be 
numbered in the reverse direction from those 
of the main scale. The device was first 
described in a treatise by Pierre Vernier, 
entitled Construction, usage et propriete du 
quadrant nouveau de mathematiques, published 
at Brussels in 1631. 

§ (12) Reading Mioroscopes. — This device 
consists of a simple microscope having a fixed 
cross-hair. This enables a more finely divided 
circle to be used ; but the interval between the 
cross-hairs must be estimated. If the cross- 
hair in the microscope be replaced by a scale, 
the divisions of the main scale can be sub- 
divided by this means, but the final subdivision 
must still be estimated. The apparent size 
of the eyepiece scale must obviously agree with 
the apparent size of the main scale, and this 
can be adjusted in the same way as the adjust- 
ment for run in the case of the micrometer 
microscope. 

§ (13) Micrometer Microscopes. — Here the 
fixed cross-hair of the reading microscope is 
replaced by a moving wire, which can be 
traversed across the field by an accurate micro- 
meter screw, against the pull of a spring. The 
number of complete revolutions of the screw is 
counted (if necessary) by a comb cut in a 
diaphragm in the focal plane. The portions of 
a revolution are read on a drum attached to 
the screw. In any case there is a pointer (or 


zero notch in the comb) which indicates the 
point being read. When the drum reads zero 
the cross-hairs should be directly over the 
pointer or one of the notches in the comb. 
The run should be adjusted so that the cross- 
hairs move from one division on the main scale 
to the next in one or more complete revolutions 
of the drum. The run can be adjusted by 
moving the object glass of the microscope 
toward the circle if the apparent size of the 
circle division is too small, and away if too 
great. Any movement of the object glass in- 
volves refocussing the microscope. The drum 
is friction tight on its spindlo, and so can 
be adjusted as necessary; a screw passing 
through the axis of the milled head used to 
turn the drum regulates its tightness. The 
comb or pointer can be moved by turning a 
screw at the far end of the micrometer box, in 
prolongation of the micrometer screw (see 
Fig. 5). 

In taking a reading the cross-hairs are sot 
over the division on the circle nearest the 


Eye Piece (Screw focussing) 



pointer. The pointer (or zero of the comb) 
indicates the division of the circle to be read, 
and the odd fraction is read off on the drum 
and comb (if necessary). It is best to have 
a cross-hair composed of two parallel wires 
spaced slightly voider than the apparent thick- 
ness of a graduation. Two fixed wires at 
right angles to the movable ones ensure that 
the readings are always taken on the same part 
of the graduations. With a G-in. theodolite it 
is convenient for the circle to bo divided into 
10-minute spaces, and for one revolution of the 
drum to correspond to one division. If the 
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ciroumforeiico of the drum be divided into 60 
j)arts, each of these will correspond to 10 
seconds, and no comb will be required. With 
a 12-inch theodolite the main divisions would 
be 5', and the microscopes more powerful, so 
that one revolution of the drum would corre- 
spond to P. In this case a comb is necessary to 
count the odd minutes, and one division of the 
drum corresponds to I". In such a case it is 
convenient to have a lower-powered reading 
microscope to read the scale direct to the next 
lowest 6', only the odd minutes and seconds 
being read on the micrometer microscopes. 
The drum reading should be the same which- 
ever graduation b^e intersected, and it is often 
convenient to read the graduations on either 
side of the pointer, as this gives a check on the 
run of the micrometer, and enables a correction 
to bo made if necessary. 

The accuracy of reading depends to a con- 
siderable extent on the illumination of the 
circle. The graduations are engraved lines, 
and if the light falls from one side the illumina- 
tion of the two edges difEors ; the light should 


Ear, The Human, Desoreption of. See 
“ Sound,” § (67) (i.). 

Eohelette : a typo of diffraction grating for 
work in the infra-rod. See “Diffraction 
Gratings, Theory of,” § (12). 

Echelon in Spectroscopy : a special form of 
diffraction grating of very high resolving 
power. See “ Diffraction Gratings, Theory 
of,” § (13). 

Efkioi IONOV, Effect on Life of (in electric 
lamps). See “ Photometry and Illumina- 
tion,” § (87). 

Efficiency of Camera Shutters. See 
“ Shuttem, Testing of Photographic,” § (3). 

Efficiency (of a light source). See “ Photo- 
metry and Illumination,” § (2). 

Elasticity of Glass. Sec “ Glass,” § (26). 

Er^F.c’TUON : the fundamental carrier of unit 
of electric charge. See “ Radiology,” § (2). 

Elltfsou) of Elasticity : the name given by 
Pn^snel to an ellipsoid in a <‘.rystal, which 
(lidicrmines its optical ])ropertios. Its axes 
are fixed in diriHjtion in the crystal. The 
ax(^M of the ellipse in which a plane ‘wave, 
jiassing t.hrongh tlu^ centre of the ellipsoid, 
(lutfS the HUrfacKS give the directions of 
vihrat-ion in that wav(% and their lengths 
are inversely pro])ortiional to the rospootivo 
volocitii^H of propagation. See “ Light, 
Double Refraction of.” 

Elliftio Polarisation, Production and 
Detection of. See “ Polarised Light and 
its Applications,” § (16). 


fall from above, and in the direction of the 

length of the hues. e. o. h. 

Q. w. w. 

Dividing Engines. See “ Divided Circles,” 

§( 5 ). 

Doppler’s Principle : a principle which 
explains the small change in the wave-length 
of a line in a spectrum found when the 
observer or the source of radiation are in 
motion. By measuring the displacement of 
such a line, the velocity in the line of sight 
of the moving source relative to the observer 
can be determined; other phenomena in 
spectroscopy can be explained by aid of the 
principle. See “ Spectroscopy, Modem,” 
§( 5 ). 

Double-image Prisms, Wollaston’s and 
Rochon’s forms of. See “ Polarised Light 
and its Applications,” § (12). 

Double Refraction. See “ Polarised Light 
and its Applications,” § (6). For Fresnel’s 
theory see also § (7). 

Drum. See “ Sound,” § (47). 


Emanations from Radio-elements. See 
“ Radioactivity,” § (16). 

Embossing, Process of, Glass. See “ Glass,” 
§ (38). 

End Product of Disintegration Series of 
Radioactive Elements. So© “ Radio- 
activity,” § (24). 

Energy, Partition of, Applioation of 
Quantum Theory to. See “ Quantum 
Theory,” § (3). 

Engraving, Process of, on Glass. See 
“ Glass,” § (37). 

Enlarger, Photographic : a device for 
magnifying photographic images. See 
“ Photographic Apparatus,” § (10). 

Equal Altitude Method for Determining 
Local Time. See “ Surveying and Survey- 
ing Instruments,” § (26). 

Equatorial Mounting for Telescopes. Sec 
“ Teloscopo,” § (14). 

Equivalent Bending Point : a term used in 
connection with projection ax)paratus to 
denote the point in which a ray finally 
emergent from the apparatus intersects the 
lino of the corrosi^onding incident ray. See 
“ Projection Apparatus,” § (4). 

Equivalent Bending Surface : a term used 
to denote the locus of the equivalent bending 
points for a given symmetrical projector. 
See “ Projection Apparatus,” § (4). 

EiiEOTiNG Eyepieces. See “ Eyexfieoes,” § (7). 
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Errors in Observations made in Nabtioal 
Astronomy. See “ Navigation and Naviga- 
tional Instruments,” §§ (5), (6). 

Errors of Sextants. See “ Navigation and 
Navigational Instruments,” § (19) (ii.). 

Etching, Process of, on Glass. See 
“ Glass,” § (38). 

Euphonion, Bb : a brass wind-instrument 
with valves. See “ Sound,” § (44). 

Expansion, Co-efficient of, of Glass. See 
“ Glass,” § (27). 


EYE, THE 
I. Structure 

§ (1) The eye, or organ of sight, is probably the 
most important of the physical sense-organs 
by which we accomplish the perception of the 
objective world. A 
complete treatment 
of its anatomy and 
functional processes 
from the physio- 
logical point of view 
would be outside 
the purview of this 
work ; but an ele- 
mentary knowledge 
of its structure is 
essential to the com- 
prehension of its 
properties as an 
optical instrument, 
with which the 
Applied Physicist is 
primarily concerned, 
and which is the 
subject-matter of this 
article. 

In Fig. 1 ^ a 
diagrammatic hori- 
zontal section of the 
right eye is shown. 

The principal 
features to which 
we require to call 
attention here are 
the following : 

The Eyeball, which 
is an elastic body of 
about one inch diameter, is of the shape 
shown, being distended at the front to form 
a spherical cap of smaller radius than the 
remainder. The wall of the eye consists of 
three principal layers or coats which, passing 

^ Taken from Visual Optics and Sight Testing, by 
Lionel Laurance, which the reader should consult 
for fuller information than is hero given. 

Other books which deal with the physiology of the 
eye are Handbuch der physiolog. Optik, H. von 
Helmholtz ; Handbuch der Physiologic des Menschen, 
W. Nagel; Optigue physiologic, Tacheming; 
Elementary Textbook of Physiology, T. Huxley. 


from the outside inwards, are met in the 
following order : 

The Sclerotic and Cornea : The sclerotic 
is a white opaque membrane of tough fibrous 
tissue which extends over about five - sixths 
of the ball. The cornea, which covers the 
other sixth, is continuous with the sclerotic, 
but is colourless and transparent to admit 
light to the eye. 

The Choroid : This is a layer of highly 
vascular membrane in close contact with the 
sclerotic externally and lined internally with 
dark brown pigment cells. 

The Retina : This is the seat of vision. It 
is a reticulated structure of fibres and cells 
and is directly connected to the optic nerve. 
It consists of ten distinct layers, of which the 
first and second (passing from the choroid 
inwards) are the receptive layers. The first 
of these, which adjoins the choroid, is the 
hexagonal pigment 
layer, a glandular 
structure in which 
is secreted a sub- 
stance known as 
visual purple. That 
the visual purple, 
which becomes 
bleached on ex- 
posure to light, is 
associated with 
vision is regarded 
ris certain, but the 
part which it ])lays 
is unknown, many 
conflicting theories of 
its function having 
been advanced. Next 
comes the hacilUxry 
layer or the layer of 
rods and cotm. ’Jliese 
consist of minute 
bodies, of which the 
shape is convoyed in 
their names, and of 
which vast rtiulti- 
tudes are ])acked side 
by side j)eri)endicu- 
larly to tlio piano of 
the retina. The light 
waves strike those 
bodies and, by inoans 
at present unknown, the radiant energy is 
converted into some form suitable for trans- 
mission along the ramifications of opibs 
nerve to the brain. 

The remaining layers, which need not here 
be particularised, contain the blood -vosscls 
and the nerve fibres which radiate from the 
optic nerve to all parts of the layer of rods and 
cones. It will be observed that the light, 
before reaching this layer, has to i)aHB through 
the eight inner layers. 



Fig. 1. — ^Horizontal Section of the Eight Eye 
(Diagrammatic). 

aa, aqueous ; r, vitreous ; L, crystalline ; C, cornea ; 
S, sclerotic ; ch., choroid ; r, retina ; c.m., ciliary 
muscle ; c.p., ciliary processes ; M. Miiller’H ring ; 
f.c., fovea centralis ; i, iris ; s.l., suspensory liga- 
ment; sf, spaces of Fontana and pectinate 
ligament; c.s., canal of Schlcram; a.e„ nntcrior 
capsule of lens ; p.c., posterior capsule of lens ; 
cj., conjunctiva ; o.n., optic nerve ; o.s., ora 
serrata ; r.v., entrance of retinal vessels. 
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At the back of the eye, -with its centre at 
the point where the line of sight ^ meets the 
retina, is the yellow spot or macula lutea. 
The spot is slightly elliptical and is about 
2-5 mm. in diameter. At its centre is a 
depression where all the retinal layers, with 
the exception of the receptive layers, are very 
much attenuated. This is known as the 
fovea centralis. Its diameter is about 0-26 
mm. The acuity of vision is greatest at the 
fovea, falling off rapidly towards the outer 
parts of the retina. 

The distribution of the rods and cones also 
varies from the fovea, where there are 
practically no rods, to the periphery, where 
there are relatively few cones. 

At the point where the optic nerve passes 
through the wall of the eye the retina is 
absent and there is no sensitivity to light. 
This region, which is about 2 to 2-5 mm. in 
diameter, is known as the blind spot. 

§ (2) Optical Elements. — The image-pro- 
ducing elements of the eye are the cornea, which 
has already been described, and the crystalline 
lens. The space between the cornea and the 
lens contains a fluid known as the Aqueous 
Humour, wliich is practically water with some 
salts in solution. Its refractive index is nearly 
that of water and differs little from that of the 
cornea, which is therefore optically equivalent 
to a single refracting surface. 

Between the lens and the retina is the 
Vitreous Humour, a transparent substance 
of a consistency similar to the white of an 
egg (raw). Its refractive index is similar to 
that of the aqueous humour. 

The Crystalline Lens is composed of fibres 
arranged with considerable complexity. It 
is highly elastic, and its form and position 
are maintained by a membranous frame known 
as the smpensory ligament which extends 
from the edges of the lens to the Ciliary 
Processes. These n,re a direct prolongation 
of the Choroid. Their function is nutritive ; 
they secret a fluid which nourishes the lens 
and vitreous humour and replenishes the 
aqueous humour. 

Associated with the ciliary processes and the 
sxispensory ligament is the Ciliary Muscle. 
This consists of two j)arts, the radiator and 
the sphincter or Muller's ring. Its function 
is to vary the tension of the suspensory 
ligament, which results in an alteration of 
curvature of the posterior surface of the 
lens, thereby producing the change of 
power, known as accommodation, by which 
objects at various distances arc brought into 
focus. 

The Iris. — This is a diaphragm which 
limits the aperture of the eye. It consists of a 
pigmented membrane, in the centre of which 
is a hole — termed the pupil — by which light 
* Vide i)\fra. 


enters the eye. The iris contains straight 
radiating fibres, the contraction of which 
tends to dilate the pupil. This contraction 
is opposed by a ring of contractile muscle, 
termed the sphincter pupillae, round the edges 
of the pupil. The operation of the sphincter 
pupillae' is involuntary, being due to reflex 
action. When the retina is subjected to strong 
illumination, or when a high degree of accom- 
modation is called into play, the sphincter 
pupillae contracts and causes a diminution of 
the aperture of the pupil. 

§ (3) The Eye as an Instrument. — The 
eye, either alone or in conjunction with 
external optical instruments, plays an Im- 
portant part in physical experiments. In a 
great number of determinations one of the 
factors limiting the accuracy attainable is the 
precision with which the eye indicates the 
fulfilment of some particular criterion; for 
instance, the coincidence of the cross-wires of 
a telescope "with the image of some external 
object, the equality of brightness or of colour 
of two illuminated areas, etc. The eye is 
therefore a physical instrument, of which the 
capabilities and limitations must be understood 
equally with those of £my other instrument 
and given due consideration in devising 
methods and designing apparatus if the 
experimenter would secure the maximum 
accuracy in his results. 

Unlilce most instruments of human design 
and construction, any one of which is rarely 
expected to perform more than one special 
function, the eye has to do a variety of things. 
These may bo grouped under three heads, 
viz. the perception and measurement of 
light ; the discrimination of colour, and the 
determination of the position of objects in 
the field of view. In the following para- 
graphs wo shall study the x)roportio8 of the 
eye regarded as an instrument capable of 
doing these things. 

IT. The Pbrobrtion of Light 

§ (4) Threshold Phenomena. — The per- 
ception of light being fundamental to all the 
other functions of the eye, wo shall first consider 
the laws governing this perception. There is 
a minimum quantity of light, known as the 
threshold quantity or extinction quantity, 
which must roach the eye in order that light 
may bo perceived at all. After the eye has 
become adapted to the dark, n small source 
of *02 candle-power, one metro distant, would 
just be seen when looked at directly. If 
received indirectly, so that the imago falls 
outside tho fovea, a much fainter light could be 
seen. For most practical purposes it is fovoal 
vision that is imj)ortant. 

In order that a light may bo visible it is 
necessary and sufficient that tho eye should 
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receive the threshold quantity, whatever the 
area of the source^ provided the latter does not 
subtend a greater angle at the eye than about 
50 minutes of arc — or nearly the whole foveal 
area. This means that for very low intensities 
the light is completely cumulative, and that, 
whether concentrated at a point on the retina 
or spread over an area of 60' diameter, it 
produces the same total physio -psychological 
effect. This is usually expressed by saying 
that for very feeble h'ght the visibility^ or 
apparent brightness, depends only on the 
total candle-power, and not on the intrinsic 
brightness of the source so long as its angular 
size is less than 50'. For larger areas the light 
required to produce a given brightness near 
the threshold varies as the linear dimen- 
sions of the source. Beyond 4° there is no 
further cumulative effect, and the apparent 
brightness is proportional to the intrinsic 
brightness. 

As the brightness increases the area over 
which complete accumulation takes place 
diminishes. Thus Paterson and Budding ^ 
found the transition from complete to partial 
accumulation to take place at 10' for faint 
sources somewhat above the threshold 
brightness. 

By summing up the results of various 
observers, 2 S. D. Chalmers ® arrived at the 
generahsation that for the true intrinsic 
brightness of an object to be recognised, at 
least the threshold quantity of light must fall 
on the area of the retina occupied by a single 
cone ; i,e. an area of 25 to 30 secs, angular 
diameter. 

For very low brightnesses colour is not 
recognised. From a study of Abney’s results" 
for the extinction of colour, Chalmers deduced 
that the recognition of colour begins at the 
same stage as the recognition of true brightness, 
viz. when the threshold quantity of light falls 
on each cone. 

§ (5) Feohner’s Law.— At intensities well 
above the threshold values, but not bright 
enough to dazzle, the relation between the 
sensation of light and the stimulus producing 
it is such that the difference in brightness of 
two objects which is necessary for one to be 
recognised as brighter than the other is a 
constant fraction of the actual brightness : 
If I is the intensity, and is the minimum 
difference which can be detected, 51, JI is 
constant, =A, say. This is known as 
Fechnefs law. A, which is about I per 
cent or thereabouts for the average eye, is 

^ lUuminntinff Engineer, Mny 1015, p. 210. 

® Aubert (vide Tscherning, Optigue physiologwue, 
p. 211) ; Abney, Researches in Colour Visioyi and the 
Trichromatic Thewy, 1913, pp. 165, 100, 171, 174, 
nnd 183; Paterson and Duddinp;, lot. cit.; Loesser, 
liicco, and Oharpentier (vide Parsons, Colour Visi(m, 
120 and 118); Piper, Z. f. Psychol, u. Physiol, d. 
Sinnesorg, 1903, xxiii. 08. 

® Trans. Opt. Soc., 1919, xx. 297. 


known as the Fechner fraction. The law is 
only approximate ; considerable departures 
occur at high and low intensities, as already 
indicated. The value of A, while it may be 
regarded as constant for practical purposes 
over the range of medium intensities, in reality 
follows a shallow curve, having a minimum 
value when the retinal illumination is about 
6-5 metre candles. According to Chalmers^ 
the approximate values of A at low intensities 
are 1-1 per cent at 0-25 metre candles 
1*6 per cent at 0*12 metre candles ; 3*2 per 
cent at 0*03 metre candles. At high inten- 
sities A also increases considerably. 

III. Colour Phenomena 

§ (6) Visibility. — ^W e need not deal here 
with the theory of the mechanism by which 
the wave-length or vibration frequency of the 
light imparts to the sensation that character 
which we know as colour ; but some of the 
properties of colour vision are of great practical 
importance. 

If we look at two areas illuminated by light 
of different wave-lengths and vary their 
relative intensities, we perceive that there is a 
certain condition in which we appraise thorn 
as equally bright, although their colours may 
be quite different. The criterion of equal 
brightness in such a case is probably purely 
psychological, since there is nothing in the 
external stimuli, nor, as far as is loiown, in 
their physiological effects, which can be said 
to be equal in any ordinary sense of the word. 
The mmd appreciates the illuminations as 
equally bright when they make equal claims 
on the attention. What determines this 
claim is obscure, and in any case docs not 
concern us here : the important ]3oint is the 
experimental fact that for radiations of 
different wave - lengths there is a unique 
relation between the quantities received by 
unit area of the retina for which the radiations 
will be regarded as equally bright. 

The degree of brightness produced by a 
given quantity of energy falling on unit area 
of the retina in unit time depends on the 
wave-length of the radiation. For blue and 
yellow-green lights, for instance, to appear 
equally bright, the energy flux from the blue 
must be many times as great as from the 
yellow-green. The blue radiation is said to 
be of lower visibility than the yellow-green. 
The inverse ratio of the energy fluxes rc(iuired 
to give equality of brightness may bo regarded 
as the relative visibility of the two colours ; 
or, if wo take the visibility of the yellow-green 
as unity, the inverse ratio of the fluxes 
measures the visibility of the blue. 

The visibility of monochromatic illumination 
throughout the visible spectrum has been 
* Loc. cit. 
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dotormined by various observers.^ For a 
normal oyc the curve connecting visibility 
and wave-length is of the form shown in Fig, 
2, maximum visibility occurring for a wave- 
length about 0-55/4. 

The curve ean be represented to a close 
approximation by the following expression : ^ 






where 


A = 0-999 

Ei= 0-666 a= 200 

B=0-04 

E, =0-405 400 

0=0-095 

E5= 0-010 7=1000 




straight line. The energy distribution curve 
of a “ black body ” at 5000° C., which can be 
calculated from Wien’s law, may be taken 
as the standard “white” light. In practice 
the radiation from the crater of an electric 
arc is about the whitest artificial light, and 
is the source to which the majority of the 
colour vision determinations of Abney and 
others refer. 

§ (8) Hue and Saturation. — In the case of 
light which is not white, the eye appreciates 
three factors — Hue, Degree of Saturation, and 
Brightness. As we shall see later, any colour, 
with the exception of purples and magentas, 
can be produced by mixing a proper propor- 
tion of white light with monochromatic radia- 
tion of suitable wave-length. The hue of 
the colour is specified by the wave-length of 
the monochromatic radiation; the degree of 
saturation, or rather lack of saturation, by 
the percentage of white in the total. The 
perception of hue is, of course, entirely sub- 
jective, and the rate at which it changes 
with wave-length is very irregular. If two 
adjacent areas be illuminated with mono- 
chromatic light of different wave-lengths, 
the extent by which these must differ for a 
hue difference to be perceptible can be deter- 
mined at all parts of the spectrum. This 
difference has been measured by various 
experimenters.® The curve obtained by Jones 
is shown in Fig. 3. The inverse of this curve 


§ (7) White Lichit. — A stimulus in which 
components of all wave-lengths were present 
in brightnesHCH proportional to the ordinates 
of the visihility curve would not produce 
white light ; for in none of the sources of 
radiation which the eye regards as white is 
tlic energy distributed uniformly in the spec- 
trum. For any ae.t\ial source, the relative 
quantity of light sensation ])rodu(5ed by each 
wav<^- length is proportional to the product 
of the ordinates of the visibility curve and the 
em^rgy <listril)ution curve of the source for 
the wave-length in ({uestion. This product 
is t(wmed tlu^ luminosity of the source for this 
wave-length. If the luminosity for each 
\vave-length b<^ plotted, a new curve will bo 
ohtaimwl differing from the visibility curve 
to the (Hxt(«it that the energy distribution 
curve of th(^ source departs from a horizontal 

* K()(‘nlK, “ Helmholtz FentgrUss,” Jieit. z. Psych, u. 
Pltysml. (1. SinncHort/., Hamburg ii. Leipzig, 1891, 
p. ;i()9; also Vnh. d, Physik., Ges. Jinl. 1892, li. U) ; 
ThUrm(‘l, /Inw. d. Phi/siic, 1910, xxxili. 1154; Nutting, 
liitr. of Standards Hull.. 1908, v. 2(U ; 1911, vii. 
Trans, llhmi. Uny. Soc. (U.S.), 1914, ix. m; V. 
ReevM'rt, 1918, xili. 108; Ives, Phil. Mag., ^0l2, 
pp. 149, 1152, 744, 845, 852; llydo and I^’orsyth, 
Astrophys. Joum., 1915, xlil. 285; Hartman, ibid., 
1918, xlvll. 82; Hyde, Forsyth and (lady, ibid., 
1918, xlvlil, 95; (lohlentz and Mnierson, Bur. Stds. 
Sci. Papers, 2();t, and Bull. Bur. Stds,, 1918, xiv. 197. 
'riiis last pap<‘r (contains u very coinplotc blhllography 
of |)ap(‘rs on visibility. 

* 11. M. Ives, Joum. Franklin Inst., 1915, clxxx. 409. 



indicates the sensitivity of the eye to variation 
of wave-length at different parts of the 
spectrum. 

A slight change in hue of the light reflected 
or transmitted by a substance is frequently 
the fiducial criterion in physical and chemical 
processes, and its detection with the utmost 
sensitivity is therefore of importance. For 
instance, the “ dose ” of X-rays administered 
for the treatment of ringworm, etc., is measured 
by the change of hue of Saburaud pastilles, 
which change from lemon to orange with the 

» Stcindlei^ 0., Ak. Wiss.. Wien, Jan. 1906, 116, 
2 a ; L. A. Jones, Journal Opt. Soc. Amcr.. 1917, i. 
63 ; vide also P. (1. Nutting, Bull. Bur. Stas., 19(J9- 
1910, vi. 89. 
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proper exposure. The accuracy with which 
the latter tint can he matched with a standard 
determines the accuracy with which the dose 
can be administered. 

The sensitivity of any colour criterion will 
be greatest if the final colour is near one of 
the minima of Fig, 3. In arranging such 
reactions an attempt should always be made 
to bring the tint to a sensitive region by the 
addition of colouring - matter which is inert 
to the reaction, or, possibly, by the use of 
suitable colour-filters. In using such expedi- 
ents, however, care must be taken to avoid 
suppressing those wave-lengths which are 
affected by the reaction. 

§ (9) The Trichromatic Basis of Colotjr. 
— ^As an expression of what the eye perceives, 
the specification of colour by its hue and 
degree of saturation is the most natural ; 
but it does not give the readiest means of co- 
ordinating colour -mixture phenomena with 
the properties of the receiving mechanism. 
It is found that if monochromatic light of 
three suitable wave-lengths — a red, a green, 
and a blue — be mixed in suitable proportions, 
white light will be produced. Further, it is 
possible to match the hue of any colour what- 
ever by mixing some pair of these primaries 
in suitable proportions. In general the satura- 
tion of this mixture will differ from that of 
the colour. If it is too highly saturated an 
exact match can be obtained by adding white, 
or, alternatively, by adding suitable amounts 
of all three primaries in the proportions which 
make white. That is to say we can match 
such a colour both in hue and saturation by 
a suitable mixture of our three primary colours. 

It is necessary to attach a meaning to the 
term “ quantity ” when we refer to mixtures of 
certain relative quantities of light of different 
colours. It is found to be most convenient 
in practice to choose the units for the three 
primaries such that an equal number of units 
of each wiU, when mixed, give white light. It 
should be noted that this is quite an arbitrary 
choice; there is no physical, physiological or 
psychological property of the radiations which 
are equal for equal quantities as defined on this 
basis. For instance, . they would not appear 
equally bright if separated. It is, however, a 
convenient system for expressing the numerical 
data of colour mixing. 

We may therefore express any colour, of 
which the saturation is not too high, in terms 
of three primaries R, G, and B, by three 
quantity coefficients a, a', and a", which give 
the numbers of units of each primary, as 
above defined, which are required to match 
the colour, thus 

C=aR-i-a'G + a"'B. 

We may find that the colour to be matched 
is of greater saturation than the two-primary 


mixture which gives its hue. In this case an 
exact match is impossible, since addition of 
the third primary can only produce mixtures 
of still lower saturation. We may, however, 
add white to the colour, thereby reducing its 
saturation to such an extent that it can bo 
matched by combination of the two appro- 
priate primaries. Expressing this white by 
its equivalent in terms of the three primaries 
we have the relation 

C + aR + aG + aB = aR + a'G, say, 
or C = (a-a)R + (a'-a)G-*aB 

= 6R + 6'G + 6'''B, whore h" = - a. 
Thus, although we cannot match such a 
colour by any actual mixture of our three 
primaries, we can arrange a slightly different 
colour match from which wo are able to 
specify our original colour in terms of the 
three primaries by introducing a negative 
coefficient for some one of them. 

It is evident that instead of adding white 
to the colour we could have adopted the 
alternative procedure of adding the third 
primary alone, and have obtained the colour 
match 

C + aB=6R + 6'G, 

the final specification for 0 being the same 
in each case. It depends on the constnustion 
of the colour-matching apparatus ein])loyed 
whether it is more convenient to add white 
or one of the primaries. 

There is a comparatively wide range of 
wave-length within which each of i-hc thn'o 
primary colours may be chosen to fulfil the 
fundamental condition of being miscible with 
the other two to make white. F()r colour- 
matching purposes, however, it is undesirablt*. 
to choose any primary near an (^xtrourity of 
the possible range, as in such a c^ase some 
of the mixture colours are of very low 
saturation. 

§ (10) Mixture Curves. — If wo plot at each 
wave - length the quantities of th(^ three 
primaries required to match the spectmm 
both in colour and brightness we obtain a set 
of three curves, which are termed the Mijcture, 
Curves. The curves for the primaries used 
in Clerk Maxwell’s colour-mixing apparatus 
are shown in Fig. 4 (a). The heights at which 
the ordinate at any wave-length cuts the 
three curves R, G and B give the relative 
quantities of the primaries required to match 
the spectrum colour. For any one primary 
the aggregate quantity roq\iircd to nuil(‘h 

/•Of) 

every part of the spectrum is clearly 

' >0 ^ 

where s^ is the quantity of that ])rirnary 
required at the wave-length \. The vahu^ 
of the integral is measured i)v the arc^a enclosed 
between the curve and the base-line, ])artH 
below the base being regarded as n(‘gativ(‘. 
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Siiioo tho total effect of the spectrum is to 
give white light, and since our units are 
chosen so that equal quantities of the primaries 



Full linos moan values of KocuIk’h llvo obsorvers ; 
claHhtxl lino, now nnl curve, obtained by differcnL 
choice of blue primary dictated by luminosity con- 
siderations. 

make white, tho areas of the throe mixture 
curves are equal. 

§ (U) Yoitnu’s Tiikory of Colour Vision. ^ 
— The fact that all coloura c-an bo ro])roducodfor 
pra(5ti(‘.al piupoHos by mixing siiitablo quanti- 
ties of throe primary colours suggostod to 
Thomas Young that there are throe receiving 
mechanisms in the eye whicdi when stimulated 
give rise to primary colour sensations of red, 
green, and blue respcMitivoly. Each sensation 
is stimulated by I’adiation from a considorahle 
range of tho specdnnn, though for each there 
is a maximum response at a certain wave- 
length. 'riie reciciving mechanisms have, in 
fact, the proj)erties of dam])cd resonators 
with n.'itnral periods corresponding to tho 
wave-length whi(jh j)ro(lucos maximum re- 
sponse. ^rhe n^Hultant (colour effect produced 
by radiation of any wave-length is the mixed 
sensation duo to tho partial stimulation of tho 
three primary sensations. 

If wo had throe colours, each of which 
stimulated one and ono. only of tho primary 
sensations, those would form tho natural 
system of primaries to which all colour mixture 
phenomena should bo referred ; sinoo, by 

‘ In its Inter form, as modlllcd by v. Helmholtz, 
this is kn(nvn ns the Young-Holmholtz Theory of 
Trichromatic Vision. 
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mixtures of s:.ch primaries, it would be 
possible to reproduce any possible colour, 
both in hue and purity, without introducing 
negative coefficients. 

Unfortunately we caimot find three such 
colours. If wo choose a red of wave-length 
about 0-7/4 or longer, tho resulting colour is 
almost entirely due to pure red sensation ; 
and if wo take a blue from a very short region 
about -446/4 we will, according to tho most 
recent work,^ obtain nearly pure blue sensa- 
tion ; but there is no colour which stimulates 
the green sensation alone, every green, to 
tho normal eye, stimulating not only green 
sensation but varying amounts of tho other 
two. There is, however, a point in the 
spectrum, about 0-50/4, where tho rod and blue 
sensations are equally stimulated. Tho colour 
here may bo regarded as made up of equal 
stimulations of red, blue, and green, plus the 
remainder of the green ; that is to say, it is 
green diluted with a certain amount of white. 
Thus at 0-50/4 tho spectrum is the same hue 
as tho pure green sensation would bo, were 
tho others absent or atrophied, hut it is less 
saturated. 

By making colour matches with these ' 
primaries we can construct their mixture 
curves as described above. By combining 
those with data for colour-blind observers 
of different typos ® it i^ possible to construct 
the sensation mixture curves, i.e. curves show- 
ing the amount of stimulation of the three 
primary sensations at different wave-lengths. 

In Fig. 4 (6) are shown tho sensation curves 
as obtained by Koenig and modified by H. E. 
Ives.* 

Every colour can bo specified in terms of 
those throe sensations by coefficients indicat- 
ing tho degree to which they arc stimulated ; 
thus 

O^aR + a'G+a^B. 

Tho sum of tho ooofficionts a-i- a' + is termed 
the quantity of tho colour, being tho sum of 
tho quantities of tho throe sensations. 

§ (12) (Colour Okomktry. —S ince colours can 
be specified by three (U)ollicionts in this way 
it is evident that colour mixture data can bo 
represented by points in a three-dimensional 
figure, and that goomotrical methods can be 
used to solve colour mixture problems. A 
full treatment of mixture diagrams would bo 
beyond tho scope of this article,® but reference 
may be made to tho colour triangle. This is 
a section of tho three-dimensional diagram 
(tho colour pyramid) by a plane which makes 
equal intercepts with the axes. 

In tho colour triangle the three primaries 
are represented by the comers of an equilateral 

■ H. K. Ivor, Jovrn. Franklin clxxx. 409. 

• See, for instance, Abney, Colour Vision, chap, vil. 

* Journ. IhanUin Inst., 1915, clxxx. 409. 

® Loc. dt. 
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triangle. Any point in the figure represents a 
colour aR + a'G + a^'B, where a, a', and a" 
are proportional to the perpendicular dis- 
tances from the point in question to the sides 
of the triangle opposite R, G, and B 
respectively. A triangle can be constructed 
for any set of primaries used for colour- 
mixing ; but a particular colour will occupy 
different positions in different triangles, since 
different proportions of the primaries are 
required to match it. White, however, will 
always be represented by the centroid of 
any triangle ; for, by choice of units, equal 
quantities of the primaries make white. 

Any possible hue obtainable by mixing two 
colours is represented by a point on the line 
joining their positions in the colour triangle, 
dividing the line in the inverse ratio of the 
quantities of the two in the mixture. 

Since the sum of the perpendiculars from 
any point to the three sides of the colour tri- 
angle are equal, aU points on the diagram 
represent colours in equal quantities, i.e. 
equal values for a+a'-ha". We may take 
this as unity. Any point, therefore, represents 
unit quantity of colour. It then follows from 
• simple geometry that the colour obtained by 
mixing two colours represented by points A 
and B, in proportions a; of A to y of B, will 
be given by the point which divides the line 
AB in the ratio yix. If the line joining 
any two colours passes through white, the 
colours are complementary, since by mixing 
them in suitable proportions white is pro- 
duced. 

For many purposes the relative luminosities 
of the constituent colours in a mixture are 
required. This is not equal to the relative 
quantities of the colours as obtained from the 
colour triangle, since equal quantities of 
different colours on the arbitrary quantity 
convention on which the triangle is based are 
not of equal luminosity. We may obtain the 
relative luminosity of unit quantities of any 
colour if we know the relative luminosities of 
equal quantities of the three primaries. Sup- 
pose we have unit quantity of colour, C, given 
by 0 = aR + a'G+a^B, where a+a'+a" = 1. 
Its luminosity, Lc, is clearly uLr-i- a'L(j+ a"LB> 
where Lr, Lq, and Lb are the luminosities of 
unit quantities of the three primaries. Lr, Lq, 
and Lb are easily determined, so that it is 
possible to calculate the relative luminosity 
of unit quantity of any colour of which the 
trichromatic coefficients are known. 

Having found from the triangle the relative 
quantities of any two colours C and in a 
mixture, it is only necessary to multiply the 
result by the ratio Lc/Lci to obtain the 
relative luminosities of the constituents. Con- 
versely, if it is desired to determine the colour 
which results from mixing, in a given lumin- 
osity ratio, two constituents 0 and of 


which the colour triangle coefficients are a, 
a', a" and a^, a^, and Oj", respectively, we 
first calculate Lc(=aLR+a'LG+flt"LB) and 
Lci( = aiLR+ ai'LG+ u/Lb), the relative lumin- 
osities of unit quantities of the two colours, 
from which we can find the quantity ratio 
corresponding to the required luminosity 
ratio. The mixture colour is then found in 
the triangle by dividing the line joining 
the constituents inversely as the quantity 
ratio. 

Since the ratios of Lr, Lq, and Lb to one 
another differ for different sets of primaries, 
the relative luminosities of unit quantities 
of different colours also vary. That is to 
say, the relation between quantity and lumin- 
osity differs for different colour triangles. 
The final result of any colour calculation is, 
however, the same on whatever triangle the 
specifications are based. 

Ives ^ has calculated that the relative 
luminosities to be attributed to the sensa- 
tion primaries are Lr = 0*648 ; Lq = 0*336; 
Lb =0*016. These are expressed so that 

their sum is equal to unity. The luminosity 
of unit quantity of white, for which 

a=a' = a"=J, is therefore Lq-i- Lb) = 1. 

It is necessary for many colour measure- 
ments to have the spectrum colours plotted in 
the triangle. This is done by taldng the 
values a, a', and a" for different wave-lengths 
from the mixture curves of the spectrum, 
obtained with the primaries for which the tri- 
angle is constructed, and plotting the points 
at their proportionate distances from the three 
sides. If as primaries we take the three 

sensations we use the sensation curves of 

Fig, 4 (b). In Fig. 6 the spectrum is shown 
in the fundamental colour sensation triangle, 
the new red curve of Fig. 4 (b) being employed 
'in its construction. 

Wo can now express any colour, of which 
the sensation coefficients are known, in terms 
of its spectral hue and degree of saturation. 
Take the colour whose sensation values arc 
•55R+ -SOG-l- -ISB. It is represented by P, 
Fig. 6 . The line WP produced cuts the 
spectrum curve at H, whore the wave-length 
is *611/4. 

The hue of the colour is that of the spectrum 
at *611/4, and it is diluted with white to the 
extent of 100 HP/HW per cent=43*3 per cent 
on the quantity basis. 

To obtain the percentage luminosity of the 
white we must multiply this figure by the 
ratio of unit quantity of white to unit quantity 
of the total colour. As we have already seen 

Lw =0*333. 

Lo = 0*55 X 0*648 + 0*30 x 0*336 4- 0* 15 

X 0*016 =0*459. 


' Journ. Franklin Inst., lOlf), clxxx. -lOO. 
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The percentage luminosity of white is there- arises in the laboratory may be quoted. It 
fore is frequently desired for various purposes to 

43-3 31-4 ^ “filter” of coloured glass or other 

0-469 ” ■ material to render light approximately mono- 

chromatic. If a knowledge of the wave- 
The colour triangle readily gives other length of the dominant hue is required — as, 
information about the colour properties of for instance, in using such filters for optical 
the eye. If a straight line drawn through W pyrometry — the following process has to be 
cuts the spectrum in two points, the colours followed : 

at those points will be complementary, pro- (i.) The spectrophotometrio curve for the 
ducing white when mixed in inverse pro- filter is obtained. 

portion to their distances from W. The This gives the percentage of the incident 
colours of the spectrum from about •493ya light transmitted at all wave-lengths, 
to -fiC/A have no complementaries in the (ii.) If the energy distribution in the 
spectrum. They are complementary to spectrum of the light with which the filter 
colours lying in the region approximately is to be used differs from that of the “ white ” 
bounded by RWB, the region of purples and light to which the sensation mixture curves 
magentas. We see now why purples and refer, it is necessary to multiply the ordinates 
magentas are exceptions to the rule that of these curves by the ratio of the corre- 


any colour can be made up of 
monochromatic light plus white; 
in this region a lino joining white 
to the colour docs not intersect the 
spectrum. A colour of this kind 
has to bo specified, on the hue and 
purity scale, by the amount of its 
complementary spectral hue which 
must he mixed with it 
to make white. 

Precisely the same 
method of use applies 
to colour triangles 
constructed for actual 
l)rimary colours 
instead of the funda- 
mental sensations. 

The position of the 



spending ordinates of the energy 
curve of the source and of the 
‘ white ” light. 

The resulting curves give the 
stimulation of the three sensations 
for light from the source in question. 

(iii.) The ordinates of these cor- 
rected curves must be multiplied 
by the transmission 
coefficients of the 
filter. 

The double reduc- 
tion of (ii.) and (iii.) 
may be done in one 
process since the inter- 
mediate curves are of 
46 no special interest. 
.A® The ratios of the 


spectrum in the dia- pia.C,— The Fundamental Colour Sensation Triangle. areas of the final 
gram will bo different; mixture curves to 


the throe wave-lengths chosen as primaries will 
ooeujjy tluj corners, while the location of the 
other wave-lengths will depend on the form of 
the colour mixture curves for the primaries 
concenied. 

Jii ])racti<;al cjolorimetry actual spectrum 
prirtiarii^H must, of <!ourse, bo used. These 
may either bo isolated spectroscopically or 
may simply bo obtained by coloured glasses. 
For the co-ordination of colorimotrio data it 
is necessary to reduce the data obtained with 
th(^ mixing instnmient to a standard system ; 
and the most suitable is that based on the throe 
fundamental sensations. The methods of ro- 
du(ition are outside our present scope. They 
are fully developed by H. E. Ives in the 
I)aper already quoted,^ in which the parallel 
problem of the reduction of measurements 
on the hue and purity system to the tri- 
(shromatic system and tnce versa is also treated. 

§ (13) Dominant Hxjbj of Filters. — As an 
illustration of the a)^])Hcation of mixture 
curves and colour triangles, a case that often 
* Journ. Franklin Inst., 1015, clxxx. 409. 


their initial values give the coefficients 
a, a', and a", which express the colour 
of the transmitted light in terms of the 
three sensations. This can be plotted in 
the sensation triangle, Fig. 6, and the pre- 
dominant wave-length and degree of saturation 
obtained as described in the preceding 
paragraph. 

§ (14) Phenomena at Low Intensities. — In 
the foregoing paragraphs the visibility curve 
and the sensation mixture curves have been 
regarded as invariant. For medium intensities 
this is practically the case ; but at low inten- 
sities the colour perception is not represented 
by the curves as given in Figs. 2 and 4. 

As the intensity of the spectrum is reduced, 
the maximum of the visibility curve shifts 
towards the blue, the eye becoming relatively 
less sensitive to the red end of the spectrum. 
At low intensities the red disappears entirely ; 
the orange becomes yellow, and the green 
bluish, this process continuing until nothing 
is loft but a faint bluish grey. With still 
further reduction, the last trace of colour 
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isappears, leaving only a nondescript grey. 
Ihis variation of colour sensitiveness with 
itensity is known as the Purkinje effect. 
Tnless care is taken to work at suitable 
itensities, it may introduce undesirable 
omplications into colorimetric measurements. 

Not only do the colour sensations vary with 
citensity, but they are not constant for aU 
»arts of the retina. Within the macula luiea 
►r “ yellow spot ” there is considerable absorp- 
ion towards the blue end of the spectrum.^ 
Chis region is therefore relatively more sensi- 
ive to red than regions just outside it. As 
ve recede from the centre the visibility curve 
shanges in approximately the same way as 
vhen we reduce the intensity, the peripheral 
portions of the retina being quite colour-blind, 
ind all colours appearing of the nondescript 
jrey already referred to. The reason why 
jhis is never noticed in ordinary vision is 
because of the very great difficulty of seeing 
mything distinctly at any distance from the 
Eovea. 

To explain these phenomena the “ Duplici- 
bats Theory ” of von Klries assumes that the 
colour sensitive mechanisms are associated 
with the cones, and that the colourless sensa- 
tion, which predominates at low intensities and 
towards the periphery of the retina, is located 
in the rods. The cones are only excited at 
comparatively high intensities, and the Purkinje 
effect is explained by the gradual passage 
from cone to rod vision as the intensity is 
reduced. The relative concentration of the 
cones is greatest at the centre of the retina, 
diminishing practically to zero towards the 
outskirts. Hence the passage from chromatic 
to colourless vision from the centre outwards. 
In most eyes there are no rods at all at the 
centre of the fovea, and in this region the 
Purkinje effect is found to be absent, there 
being no light visible when the colour has 
disappeared. 

§ (16) Dark Adaptation. — The sensitiveness 
to faint light depends very considerably on 
the length of time which has elapsed since last 
the retina was exposed to a bright illumina- 
tion. Every one is familiar with this pheno- 
menon. It requires about ten minutes to 
become completely dark-adapted, and the 
sensitivity to feeble illumination is then 
about a hundred times as great as it is 
immediately after exposure to daylight.^ Ac- 
cording to Parinaud,® dark adaptation is 
entirely due to the increased sensitivity of 
the colourless sensation. Thus at the red 
end of the spectrum, where there is no change 
of hue and no passage into colourless vision 
on diminishing the intensity, there is no gain 
in sensitiveness due to adaptation. The 

' Abney, Colour Fision, p. 91. 

^ Abney, loc. cit. p. 120. 

® Ann. d^Oc.y 1894, t. cxii. 228. Vide Tscheming, 
Optigue physiologigue, p. 226. 


effect of adaptation commences about the 
C line (\= *656/4) and becomes of increasing 
importance towards the blue end. Pig. 6 
shows Parinaud’s results. The lettering indi- 
cates the Fraunhofer lines. The ordinates 
indicate the quantity of light necessary in 
order to be perceived. The upper curve 
refers to the dark-adapted eye and the lower 



Fio. 6. — ^Position in Solar Spectrum. 

to the non-adapted eye. The unit chosen is 
the quantity required by the adapted eye in 
the neighbourhood of E (*527/4, green). The 
figure shows that the non-adapted eye requires 
100 units ^ at this wave-length as against 1 
for the adapted eye, and 1500 units for blue 
light in the neighbourhood of the 0 lino, as 
against 100 for the adapted eye. The increase 
of sensitivity on adaptation is not duo, how- 
ever, to increased sensitivity of the colour 
perception, but only of the colourless rod 
vision. At the centre of the fovea, where, 
as we have seen, there are no rods, and in 
consequence no Purkinje effect, there is also, 
according to Parinaud, no dark adaptation. 

§ (16) Visual Pattgub and Succ’.essivb 
Contrast. — When a bright object is viewed 
steadily for some time it becomes ap])reciably 
fainter, due to the elements of the retina on 
which the image falls becoming fatigued. The 
effect of fatigue remains for some time after 
the stimulus ceases ; and, if the gaze be 
transferred to a uniformly illuminat(‘d surfacu?, 
a dark “ negative image ” of tho bright object 
will be seen, due to the diminished sensitivity 
of the part of the retina previou.sly occupied 
by it. If the object is coloured, that sensation 
which is most stimulated is also most fatigued, 
and the negative image is of a colour approxi- 
mately complementary to that of tho object. 

* Compare Abney’s result stipra. 
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This phenomenon is known as Successive 
Contrast. It is not, of course, a true contrast 
effect. True or simultaneous contrast is 
observed when two areas of different bright- 
ness adjoin each other. Near the junction 
the brighter area appears even brighter and 
the darker area even darker than at places 
remote from the junction. If the areas are 
of slightly different colours the difference is 
intensified by contrast in the immediate 
neighbourhood of the junction. Contrast 
effects of this character disappear almost 
entirely if the areas are separated by a black 
line. Piffuseness of the border appears to 
favour the effect. 

If a screen is illuminated by two lights, one 
of which is white and the other coloured, and 
an object is placed in front of the screen, it 
will cast two shadows, one of which is illu- 
minated solely by the white light, and the 
other solely by the coloured light. The 
former, which ought to appear white, appears 
coloured. The colour is approximately com- 
plementary to the colour of the coloured 
liglit, though according to Abney it is not 
always exactly complementary. Tsoheming ^ 
accounts for contrast colours obtained in such 
circumstances as duo to defective judgment 
of white. There is always a tendency to 
take a largo illuminated area as white, unless 
it is very strongly coloured. Even then it 
appears whiter than it should, the “ white ” 
with which it is mentally compared being 
tinted with the C(fiour in question. If, then, 
a small area of true white exists in such a 
background, it is poorer than the temporary 
standard white in the colour with which the 
latter is adulterated, and, therefore, a])i)oars of 
the complementary colour. 

(lontrast effects, both of brightness and 
colour, are of groat importamio in conno<;tion 
with the design of j)hotomcters and colori- 
metri(i ap])arat\is. 

§ (17) Tim 13 — When a light is 

sucl<lenly turned on it is not immediately 
perceived, nor, when it is turmul olT, does 
peweeption immodiati^ly cease. The time lag 
in the second case exceeds that in the first 
cas(s with the result that vision of an instant- 
aneously ex])OHed light (for instance, an 
.electric H])ark) pc^rsists for an api)reciablc 
time. Thus if a light is rapidly intormittont, 
the impression of one exi) 08 uro may still 
jK^rsist until the next expostme, and the light 
will be seen continuously. The ])oriod which 
may elapse between siicccssivo exposures 
without the appearance of flicker may bo 
termed the duration period. The total 
duration, of course, exceeds this considerably. 
E. L. Nichols ^ and E. S. Ferry ® have dotor- 


1 Optwie ^ihimolooiQUP} 

* Am. J. Set., 1884, xxv 
» Ibid., 1802, xliv. 102. 
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mined the duration period as defined above. 
The general results are as follows : 

1. The persistence decreases as the intensity 
increases. 

2. It varies with wave-length, being greater 
towards the ends of the spectrum than at 
the middle. 

3. It is greatest for very short exposures. 

4. It differs for different eyes. 

5. An average duration under ordinary 
conditions is from to ^ second. 

§ (18) Talbot’s Law. — The apparent in- 
tensity of an intermittent light is ddminished, 
even if the intermittenoe is so rapid that con- 
tinuous vision results. Talbot ^ enunciated the 
law that the apparent intensity of the light in 
those circumstances bears the same ratio to 
its actual intensity as the time of exposure 
to the total time. Thus if the period of 
exposure is equal to the period of ecliiise tho 
intensity is diminished 50 per cent. Talbot’s 
Law is utilised in the employment of rotat- 
ing sector discs to cut down the intensity of 
light without altering its spectral composition. 
Contrary to the results of earlier workers, 
E. P. Hyde® has shown that tho law holds 
for all sector openings, at any rate down to 
10®, and for all colours. 

§(10) Visual Bifjfu.sivity. — Tho time lag 
which precedes tho perception of light has 
not so far been measured ; but it is easy to 
measure its variation under different con- 
ditions. H. E. Ives ’ has shown that it 
diminishes as the intensity increases, and 
increases from the red end of tho spectrum 
to the blue. It is greatest of allfor the colourless 
rod vision, this, in fact, constituting tho 
“ after imago ” which is scon about half a 
second after a bright flash. Ives shows that 
those various phenomena arc all consistent 
with tho tjieory that tho transmission of 
impressions from tho retina to tho brain is in 
accordance with tho physical laws of conduc- 
tion, tlio stimulus being transmitted through 
matter having a coofliciont of dijjusiinty 
which varies with wave-length and in- 
tensity. He deduces that for coloured light 
tho (liffusivity is a roctilinoar function of 
tho logarithm of the stimulus intensity ; 
and tho time lag, i, which varies inversely 
as tho diffuRivity, =l/(a log I-t-6), a and b 
being constants for tho wave-length oon- 
comod. Thus tho difference of lag for two 
different intensities is 


^ ^ a log Ii + 6 a log Ij -f- 6* 


* Phil. Mag., 1834, v. 327. , ^ 

* Ferry, Phys. Rev., 1803, J. 338 ; see also Lummer 
and Brodhun, Zeits. Inetrumentmk., 1890, p. 229, for 
a Ronerai discutiflion of Talbot’s Law. 

* RuU. Bur, Stds., 1900, ii. 1. 

’ PhU. Mag., 1917, xxxUi. 18. 
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For two different colours, red and blue say, 
at the same intensity, 

1 1 

h g a log I + 6* 

In a series of papers ^ Ives and Elingsbiiry 
have shown the importance of visual diffusivity 
in the theory of the Flicker Photometer. 

Many interesting phenomena related to the 
subject-matter of this and preceding paragraphs 
have been described by Shelford Hidwell,® 
but a description would be outside our present 
scope. 

IV. Dioptric Properties 

§ (20) Accommodation. — The power of the 
normal eye in repose is approximately 59 
diopters. By the process of Accommodation 
the power can be varied at will so as to bring 
objects at various distances into sharp focus. 
This power is greatest in children and dimin- 
ishes regularly with age. Its range is about 
10 diopters at 20 to 25, about 2 diopters at 50, | 
and is negligible above 60 years of age. While 
these figures apply approximately to the 
conditions of daily use, the actual amount of 
accommodation called into play is not equal 
for all parts of the eye, the accommodation 
at the centre of the pupil being greater than 
near the periphery. This is due to the fact ® 
that during accommodation the anterior 
surface of the crystaUine lens increases 
in curvature near the centre but actually 
flattens near the periphery. Nature compen- 
sates for this by reducing the size of the pupil 
when the eye is accommodated for near objects, 
thereby cutting out the peripheral regions, 
which would otherwise spoil the definition. 
If the pupil is dilated by some drug which 
does not affect the range of accommodation,^ 
the deterioration of the definition for near 
objects is usually marked. 

§ (21) The Pupil. — ^This is the name given to 
the circular aperture of the eye. It is usually 
concentric with the optic axis, i.e. with the 
line through the centres of curvature of 
the various refracting surfaces. The centring 
of the eye is never exact, though the departures 
from it are rarely important. The most 
common defect is that the centre of curvature 
of the cornea is not on the axis of the crystal- 
line lens. The error may sometimes amount 
to a quarter millimetre. Occasionally the 
pupil is displaced outward from the axis. 
Relatively large defects of centring do not 
appear to detract from the acuity of vision. 

The pupil diameter alters imder various 

^ Ives and Kingsbury, Phil, Mag., 1914, p. 708 ; 
PhU. Mag., 1916, p. 290 ; Ives, PhU. Mag., 1917, xxxiii. 
360. 

^ Proc. Roy. Soc., 1894, p. 132. 

® Tscheming, Optigue physiologigue, pp. 160 and 
168. 

* E.g. cocaine or homatropine. 


influences. The mechanism by which this 
happens is complex and is not completely 
understood. As mentioned in tho last para- 
graph it varies with the degree of accommoda- 
tion and also with the intensity of the light. 
As regards the former effect, J. W. French® 
found it to be negligible until, for a normal 
eye, the distance of vision came within about 
30 cm. Thereafter the contraction was rapid. 
In a particular experiment the pupil shrank 
from 6*5 mm. at 30 cm. to 3*5 mm. at 10 cm. 

As regards the second effect French found 
that the pupil area could be represented over 
a large range of brightness by the relation 

AocI“l. 

Thus, in order to reduce the area of the pupil 
by half, the intensity would have to increase 
thirty-two times. The above equation is for 
the central area covered by the macula lutea. 
French also investigated the effect on the pupil 
of light falling on other zones of the retina. 
The most sensitive zone is the one just outside 
the macula, the index for this zone being 
— J. On going further from the centre the 
effect diminishes, the peripheral zone being 
very insensitive. In French’s words : “ This 
portion of the retina requires all the light it 
can get, and the pupil opens out to nearly its 
maximum diameter and responds but little 
to variations of intensity.” 

It is usually stated that tho two pupils 
always vary together, oven if the intensity 
to which they are exposed is widely dilTeront. 
This view is undoubtedly based on (tonsider- 
able evidence under ordinary coiiflitions of 
vision ; but French describes ox‘|)erimentH 
in which one pupil remained of constant size 
under constant illumination, while the ot.her 
varied over a wide range under varying 
illumination. 

This independence may not bo common to 
all eyes, but it is evidently unsafe^ to assume 
that in all circumstances the two pupils will 
be of equal diameter. 

§ (22) The Line of Sight : Fixation. — W hen 
the observer “ looks at ” a parthuilar obji'c^t 
he is said to fix it. Tho line joining the front 
nodal point of tho eye to the painl of fixation 
is termed tho line of sight. Th(^ image of 
the point of fixation is formed on the fovea 
centralis, but only a very minute a»'ea is 
fixed at a time. In fact, however elose two 
points may be, provided they can b(^ seen as 
separate points, it is also possible to say that 
one of them is being looked at rather than tlu^ 
other. 

Contrary to what might be oxpecti'd, the line 
of sight is not coincident with the o])tic. axis. 
It is inclined inwards and d()wnwards wit.h 
respect to it by 5 to 7 di^grees. it pass(*s 

® Trans. Opt. Soc., 1910, xx. 200. 



EYE, THE 


11 


through tho front nodal point it does not pass 
through the centre of the pupil, but through 
a point about half a millimetre from the centre 
towards tho nose. This is the normal case ; 
in bad cases of excentrioity, however, tho 
pupil may be so far off tho axis that the ray 
which represents the line of sight does not 
enter the pupil at aU. 

It is difficult to account for the uniqueness 
of the line of sight and the curious selective- 
noss by which we can look at either of two just 
separable points and not at both simultaneously. 
It probably arises not from any property of 
the eye but from the inability of the mind 
to direct attention to more than one point of 
the imago at a time. 

The (tefinition falls off very rapidly from the 
centre of the retina outwards. Few people 
realise tho very bad picture which the eye 
forms. The fact that we only look at one 
point at any moment prevents us from 
realising that the great bulk of the picture is 
only a suggestive blur ; for immediately any 
part of it attracts our attention we auto- 
matically direct tho line of sight to it and it. 
It is only after some training that an observer 
is able to give some attention to objects other 
than tho one fixed. This renders very difficult 
measurements of the properties of non-foveal 
regions. Only a subordinate degree of atten- 
tion can bo given to tho observation, for tho 
primary portion is inexorably demanded by 
the object at tho point of fixation. Tho 
moment one gives loss attention to this than 
to the marginal object the lino of sight is 
immodiatoly switched over to tho latter, which 
then ceases to bo marginal. This divided 
attention, combined with the bad definition, 
renders such observations among tho most 
difiicult in physiological optics. 

§ (23) Tub Nature of tub Image ; Effect 
OF Diffraction. — If optically perfect, and 
subject only to tho limitations imposed by its 
aperture, tho eye could rosolvo objects 25 
sec.onds ai)art when tlicpux)il diameter is 5 mm., 
i.e. tho imago of a point would be a diffraction 
X)attorri with a central disc about 50 seconds 
diameter. According to Hooko, for two 
luminous points to bo perc^eivod separately 
there must bo at least one unaffoctod cone 
between those re<^oiving tho images. The 
angular diameter of a cone at tho. centre of 
tho fovea is about half a minute, so that tho 
images of point sources wore really x>f)ints, 
th<^ structure of the retina would i)emut 
n^solution of x)ointH about 30 seconds apart. 
Since, however, th(^ images are discs of appreci- 
able area, tho centres of such discs must bo 
further separated in order that there may bo 
a cone between them receiving substantially 
less light than those on either side. 

Hooko found that for very good eyes the 
minimum separation for resolution is about 


a minute. This result was confirmed by 
V. Helmholtz, and is the general experience 
in the case of acute eyesight. 

The size of the diffraction disc is proportional 
to the wave-length of the light, being nearly 
twice as great for red as for blue light. 

The imago of a point is not, however, de- 
termined by diffraction alone, being affected 
by spherical aberration, astigmatism, and 
chromatic aberration. 

§ (24) Spherical Aberration. — Tho 
majority of eyes are “ under-corrocted ” for 
spherical aberration, the marginal portions of 
the refracting system having shorter focal 
length than the centre, but various degrees of 
correction, sometimes oven over-correction, 
are oncounterod. Frequently there are different 
degrees of correction in different zones or 
regions. For instance, aberration may bo 
corrected for one meridian, but under- or over- 
corrected in tho meridian at right angles. 
Where the pupil is excentrically placed, 
aberration of opposite signs may be en- 
countered at opposite sides or at tho top and 
bottom. During accommodation for near 
objects the flattening of tho peripheral portions 
of the lens tends to correct tho usual spherical 
aberration, and may oven over-correct it 
when tho degree of accommodation is con- 
siderable. 

§ (26) Astigmatism. — Nearly all eyes show 
some astigmatism, or variation of power 
in different meridians. When at all marked, 
it results in tho image of a point source being 
no longer a circular disc but a more or less 
elongated ellipse. Linos parallel and per- 
pendicular to the axes of the ollipso cannot 
bo simultaneously focussed, while linos at 
intermediate angles cannot bo shar])ly focussed 
at all. Astigmatism can usually bo corrected 
by moans of cylindrical lenses of suitablo 
l)owor suitably orientated with respect to 
tho astigmatic cllix)8o. 

Tho chief seat of astigmatism is in the 
cornea, tho anterior surface of which may have 
different curvatures in different directions. 
■The astigmatism is termed direct if tho greater 
power is in the vertical meridian, and inverse 
if it is in tho horizontal In other cases it is 
termed oblique astigmatism. 

Among a number of persons examined by 
Nordonson,^ 9 per cent had no astigmatism, 
77 per cent had direct, 1 per cent inverse, and 
12 cent oblique astigmatism. It ax)poars 
that astigmatism alters with age, tho inverse 
variety becoming more frequent in older 
people, owing to the increasing tension of 
tho cornea. There is no necessary relation 
between tho astigmatism of the two eyes. 

Tho term irregxilar astigmatism is applied 

^ Hcchorchos ophtalniomi^triaufiB sur I’astlg- 
matlsmo do la Ann. d*Oo,, 1888 ; vide also 

TBchomIng’B OptiQue physioloffique, p. 117. 
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to cover any defect of refraction which cannot 
be corrected by means of a suitable lens. In 
many cases the image of a point is neither a 
circular nor elliptic patch, but may be of the 
most fantastic shapes. If such defects are 
pronounced the vision is poor and cannot 
be rendered normally acute with glasses. 

We shall see later that astigmatisna may 
seriously aSect the judgment in certain optical 
measurements. 

§ (26) Cheomatio Abeeration.— The eye is 
only slightly corrected for chromatic aberra- 
tion. Its chromatic properties are very 
similar to what they would be if its contents 
were replaced by water.^ Usually the 
actual curves connecting focal length and 
wave-length are slightly flatter from -52/4 
to * 66^0 than the curves for a simple water 
eye ; but in many 
cases they are difficult 
to distinguish. The 0 
power for light near 
the mercury line at 
•436/t is usually about 
IJ diopters greater 
than for yellow light. 

In ordinary vision the 
effects of chromatic 
aberration are not 
noticed as the eye 
accommodates so that 
the brightest part of 
the spectrum — the 
yellow green — is in 
focus, the red and blue 
rays focussing behind 
and before the retina. 

There is therefore a 
bright image sur- 
rounded by a faint 
purple halo due to the superposed red and 
blue circles of diffusion. This halo is not 
noticeable imder ordinary conditions ; but 
if only part of the pupil is utilised, as, 
for instance, when half of it is obscured 
by a card, effects due to chromatic aber- 
ration become manifest. A bright point of 
light or a luminous hne, such as the filament 
of an electric lamp, appears drawn out into 
a short spectrum with the red end ap^ar evilly 
towards the screen, that is with the red rays 
striking the retina at the other side of the optic 
axis from the screen. The reason for this is 
at once apparent when it is borne in mind 
that the blue rays have crossed the axis 
before meeting the retina while the red rays 
have not. 

§ (27) CsEOfiiATio Taeallax. — The experi- 
ment just described is oven more striking if, 
instead of employing half the pupil, a slit 
or “ pinhole ” about 1 mm. wide is placed in 
front of the pupil, as far to one side as possible, 
^ P. G. Nutting, Troc. Roy. Soc, xc. 440, 


and two thicknesses of “ Cobalt glass ” are 
interposed. The glass transmits a little red 
light as well as blue, cutting out tho central 
portions of the spectrum. Under these 

circumstances two separated images of tho 
filament will be seen, one red and one blue. 
Their positions will obviously be reversed if 
the hole is moved to the other side of tho 
pupil Thus on moving the hole to and fro 
in front of the eye, or moving the eye behind 
the hole, the red and blue images will move 
to and fro. This effect has been termed 
Internal Chromatic ParallaXt^ because tho 

separation of the different coloured rays tak<‘S 
place entirely within the oye, tho incident 
pencils being coincident. 

If, instead of a single source emitting two 
kinds of light, we have two sourcos, one blue 
and the other red, wo 
may place them at 
such disteincos from 
the eye that both 
images are focussed 
on the retina. If tho 
line joining tho objects 
coincides with thQ lino 
of sight, the images 
win also coincide. In 
this case, roprosented 
in Fig. 7 («), tho oonos 
of coloured rays within 
tho eye are coincident. 
Coiiaeq^uoiitly there is 
no apparent displaoe- 
inont of tho rod aiid 
blue images on iiiacu't- 
ing an e.xccntric ])in- 
holo in front of t-ho 
]>upil, as in Fig. 7 {h). 
Jf, howov('r, th(^ (^ye is 
moved relative to the line joining tho objects, n 
displacement of the images oc(Uim, as is vidont 
from Fiff. 7 (c), etudi imago lying on th(^ lino 
joining its rcsx^cctivo objot^t to tho nodal 
jjoint N. Since rays from all ])artH of tlici 
X)upil converge to r an<l b their (liKi)la<*('nuMit 
is unaffected by the interj)C)Hiti<)ti of a ])in- 
liole ; it therefore takes i)laco oven if tJio 
movement of the oyo is behind a fixed sto]). 
Fig. 7 (d). Thi.s fernu‘d 

External Chromatic Parallax to distinguish it 
from the previous ease. 

It might appear that external (diromatio 
parallax, since it is only evident on moving 
tho eye relative to tho lino joining two non- 
coincident objects, is sim])ly th(^ ordinary 
parallax always observed botwenm ohj<*<tis 
at unequal distances ; but thcjy are in n^ality 
q[uito different, as tho ofleot of a small stop 
is exactly opposite in tho two c*asoR. In the 
ordinary case when objects at unequal dis- 
tances from tho eye aro seen by white Hglit, 
* Guild, Proc, Phys. Soc., 1017, xxix. 311. 
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or light of tho same colour, the images arc also 
at different distances, the image of the more 
remote object being in front of that of the 
nearer object. Also, rays which are coincident 
in. the incident beam are equally refracted, 
and are therefore coincident within the eye. 
It follows from these two properties that 
ordinary parallax will be observed if a small 
stop is moved across the eye, even if the latter 
remains fixed, but will not bo observed on 
moving tho eye behind a fixed stop. External 
chromatic parallax, as we have seen, is 
observed on moving the eye behind a fixed 
stop, but is not observed on moving the stop 
before the fixed eye. Like internal chromatic 
parallax it arises wholly from tho different 
refrangibilities of the two colours. 

If we start with two coincident objects of 
different colours and gradually separate thorn 
until they are in the relative positions of Fig. 7, 
tho amount of chromatic parallax observable 
on moving the stop in front of l7ie fixed eye will 
gradually diminish to zero. Tho amount 
observable on moving the eye behind the fixed 
stop will be made ux3 of a diminishing amount 
of intomal and an incrc‘.asing amount of external 
chromatic parallax. It is easy to show that 
tho total parallax is constant wherever tho 
two objects may bo.^ Chromatic parallax 
may give serious trouble in spectroscopies 
work when setting cross-linos on coloured 
spectrum lines. In well-designed instruments 
the power of tho toloscopos oniployed is about 
Ifi to 20 magnifications for each inch (2-5 cm.) 
of effoctive ax)orturo. Tho “exit xmpil” of 
the toloscox)o is thoroforo only from 1 to 2 mm. 
in diamok-^r, and constitutes a small fixed 
stop through wliich tlio objects in tho fitdd 
of view arc aeon. In making observations on 
blue and violet linos the observer froqTiently 
d<q)oncls on scattered extraneous light from 
tho brightcM* portions of the spc<itrum to i)r()- 
vido gfuicral illumination for the (^ross-linc‘H. 
Tlio cross- linos and spectrum lino ar<^ thom- 
fore soon by light of different wavo-brngths, 
and chromatic parallax offoc^ts ar<^ prodiK^ccl 
botwoon them with slight movenunitH of tho 
oyo. As wo have just this emnuot ho 

got over by focussing (that is, altering tho 
relative tlistancc’is from tlio eye of cros.s lines 
and Hpeotrum line). 

Suitable nu*) thixls of overcoming tho diffi- 
culty are inontioncrl in another article. * 

§ (28) Visual Aouitv.— Tho eleamess with 
which the eye can see detail is termed its 
acuity. Even when tho corrc^etable defects 
of refraction, siuh as short or long sight and 
regular astigmatism, have been corrected by 
suitable fi])cctacl<ifl, there are still considerable 
variations in tho acuity of different eyes. 

Acuity is usually tested by means of tho 

» (liiild, Proc.Phtfs.Hor., 1017, xxix. 1511. 

“ " HpoctroBCoiies and Uefraetomotors." 


Snellen Chait, which consists of a number of 
rows of letters of different sizes. For unit 
acuity a row of letters should bo legible at 
such a distance that each letter subtends at 
the eye an angle of 5 minutes. Tho lines 
and spaces composing the letters subtend on 
an average 1 minute. If a row can just be 
read when the letters subtend x minutes, the 
acuity on the Snellen scale is Qjx. This 
standard is somewhat low, good eyesight 
being represented by about 1*5. 

Tho acuity depends on the brightness with 
which tho object is illuminated. Druault 
found that with a test chart illuminated by 
0*016 candle at a metro, the acuity was as 
low as 0*075. It increased with brightness, 
rapidly at first and then more slowly. It 
reached 1*0 for an illumination of 1*5 candle 
metros, 1*25 at 10*7 and 1*60 at 5400 candle 
metros. Tho variation is therefore very slight 
over an enormous range of brightness. 

Tho diminution of acuity at low intensities 
is more rapid at the rod than at tho blue end of 
the spectrum. 

§ (29) CoiNorDBN-OH OF Objects in Ptelt of 
View. — ^Many important optical and physical 
moasurementB depend on tho determination 
of the coincidence of two suitable objects 
in the field of view of an optical instrumont- 
Tho sotting of toloscopo cross -linos on spectrum 
linos, or on tho imago of a distant staff, are 
oases in point. With suitable pairs of objects 
tho eye is able bo make adjustments of this 
typo with very groat precision indeed, provided 
tho necessary precautions are taken to prevent 
avoidable errors. Many different tyx)cs of 
sotting are used for various purposes ; but it 
will bo sufficiont, in order to illustrate tho 
eaxiabilities of the (^ye in this rospoct, to q[uote 
the accuracy with which want of alignment 
between two halves of a straight line can bo 
detooted. Settings of this kind are mot with 
in tho use of scales and vomicra, and also in 
the coincidonco typo of rangefinder. Tho 
field of view of such an instrument is in general 
divided into two parts by a horizontal lino of 
division. In tho uxipor half one sees tho same 
objects as in tho lower half, but upside down. 
Tho incasuromont is carried out by adjusting 
tho two images of tho distant object — a 
flagstaff, for instance — so that one is exactly 
above tho other aw indioatod by the oomcidence 
of the images at the lino of demarcation. 
J. W. Frencli * has investigated tho precision 
with which such settings can bo made and th© 
errors to which they are liable. Settings were 
made with varkms thicknesses and lengths 
of lino and with various widths of dividing 
lino botwoon the two fields. It was found 
that under favourable cjonditions readings 
could be repeated so closely that tho departure 
of an observation from tho mean of a scries 
* Tram. Opt, 1920, xxi. 127. 
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was only albont half a second of arc, or less 
than a hundredth p<wt of the displacement 
necessary for the resolution of two lines. The 
precision varies with the angle which the 
length of the lines subtends at the eye, there 
being practically no aligning power for lines 
under 0-6 minute. As the length increases 
the precision improves up to a length of about 
12 minutes, beyond which there is no further 
improvement. The thhmer the lines the more 
rapidly the final precision is reached, but its 
actual value is nearly independent of the 
width of the lines. 

The precision is reduced by increasing the 
width of the horizontal separating line. Thus 
for a separation of 4 seconds, the limiting 
value of the mean error was 1-1 seconds, 
while for a separating line of 19 minutes it 
was over 6 seconds. 

The mechanism by which this close repeti- 
tion of settings is effected is obscure. In the 
beat case mentioned the two retinal images 
were evidently always brought into the same 
relative position to within a sixtieth of the 
diameter of a cone. This is all the more 
surprising inasmuch as the setting when 
made does not really correspond to exact 
alignment. This is at once ‘revealed by 
making settings in opposite directions. The 
difference between such settings is greater 
the wider the separating line. It may be as 
little as two seconds for a very fine separa- 
tion or as much as 40 seconds for a 20 minute 
separation. Not only so, but the mean of 
the settings made in opposite directions does 
not in general give the true setting for actual 
coincidence. There is thus a “personal 
eq.uation” which may be many times as great as 
the maximum variation of individual settings. 
French traced this error to astigmatism in the 
eye of the observer. The error is zero when 
the direction of the astigmatism is parallel or 
perpendicular to the separating hne, and 
greatest when it is at 4:5^ to it. 

It is therefore desirable in making all 
settings of this nature that the observer 
should be aware of the direction of any 
uncorrected astigmatism from which his eye 
may suffer, and that he should so orient his 
head as to bring this direction parallel or 
perpendicular to the lines whose collinearity 
has to be adjusted. 

This aligning power of the eye does not 
appear to vary greatly with the acuity of 
vision. Thus French found that in certain 
experiments the brightness could be reduced 
lOOO-fold without detracting from the pre- 
cision. The actual illuminations were not 
stated, but the visual acuity was probably 
poor at the lower illuminations. This is in 
accordance with general experience with 
other types of coincidence setting, in which 
the de^tion may become surprisingly poor 


before the precision of setting is apjureciably 
affected. There is still considerable obscurity 
as to what property of the eye is responsible 
for the precision with which these various 
settings can be made, but it is certain that in 
many cases the sense of symmetry plays an 
important part. q 


Eye, Adaptation op the, in Photometry. 

See “ Photometry and Illumination,” §§ (31) 

and (126). 

EYEPIECES 

§ (1) Introductory. — Ordinary optical in- 
struments intended to be used as aids to 
vision, other than those designed to correct 
individual abnormalities in. the eye, are for 
the moat part divisible into at least two 
portions, the first, called the objective, form- 
ing a real image of the object to be examined, 
and the second, which is used in close 
proximity to the eye, the eyepiece. Eye- 
pieces in normal use always form virtual 
images of the real image produced by the 
earlier part of the instrument, though it is 
to be observed that regarded as an eyepiece 
object the earlier imago may be vii*tual. 
As might be expected from the similar condi- 
tions desirable in the emergent rays, very 
similar constructions in the eyepiece are suit- 
able for use in a wide variety of instruments, 
and from this circumstance the eyepiece has 
come to be regarded as an independent optical 
system which can bo transferred as a unit 
from one apparatus to another without detri- 
ment to the perfection of the visible image 
presented -to the eye. For many purposes 
this is sufficiently nearly the case, and the 
same eyepiece may he used in a laboratory 
for widely differing work. When extreme 
conditions are encountered it is no longer 
the case that the best roRulta arc obtainable 
from an eyepiece of normal type. It is there- 
fore only within limits that oye[)iocoB may bo 
regarded as separate instruments ; beyond 
these limits the most satisfa(ftory oyopiocos 
must have peculiarities in their design whieh 
unfit thein for general wmrk while making 
them excellent for the spccdiil purpose for 
which they are intended. In these c-afles it 
is essential that the eyepiece shonld bo 
regarded as an integral portion of the opti(.‘.al 
system to which it belongs, and the <iharactcr 
of the corrections attained by it will (Upend 
upon the division of projicrt-ies between the 
objective and eyopieeo which the dt^signer 
finds most convenient under the (‘ireumstanc^cs 
special to the particular instrunumt. 

§ (2) Huygens’ EvEriEnE. — The mc^at 
familiar apparatus in which sej^arate eyejiUsoes 
are used arc the mioroscojio and telescope, 
and the kinds of eyopjieco most freqiumtly 
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provided with these are known as the 
Huygenian and the Ramsden. In their 
simplest forms both are built of two separated 
plano-convex lenses. In the Huygenian eye- 
piece {Fig, 1) both lenses present their convex 
faces to the incident light, their separation is 
very nearly ec[ual to half the sum of the focal 
len^hs of the components, and the lens 
nearer the objective, called the field lens to 
distinguish it from the second lens, which is 
called the eye lens, is always of greater focal 
length than the eye lens. Eor eyepieces of 
short focal length, suitable for procuring high 
magnifications, the ratio of the two focal 
lengths is about 3:1, and as the focal length 
increases this ratio diminishes, until for the 



riQ. 1 . — Huygens’ Iflyopioce. 


eyepieces of gre^atost focal length it may ho 
about 3 : 2. Since this inequality involves a 
real focus for incident parallel liglit travelling 
in the reverse direction through the instrument 
before the field Ions is reached, and conse- 
quently a virtual final image for that light, this 
oyepioco cannot he used for the direct examina- 
tion of a real object, and by analogy witb 
simple lenses has theroforo been termed a nega- 
tive eyepiece. The term is quite inappropriate 
and misleading, for in so far as positive ” 
and “ negative ” aivi at all stiitable for np])lica- 
tion to optical systcutm in general they must 
mlato to tho sign of the power, whitdi is in 
this case ])ositivo as for each component lens. 
In fact, if tiui ratio of the focal lengths is ni : 1, 
tho elonionts from which a system of power k 
must bo constructed arc 

Power of field lens , 

Power of eyo lens 

m -f- V 

Separation , 


The positions of the ])rine,ipal foci are distant 
rospoctiv<dy from tho field and eyo lenses 


2k‘ 


and 


m -1 
2'mjc * 


the negative sign in the former ciiso indicating 
that tho focus is virtual. 

§ (3) Ramsden’s EYKPiJsoiii. — In Ramsdon’s 
oyepioco (Ftff. 2) tlio two lenses are of equal 


focal length, their separation being somewhat 
less than the focal length of either, generally 
from f to The most obvious difference. 



howover, is that the field lens is reversed, 
thus presenting its plane side to the objective. 
If tho ratio of tho separation to the focal 
length of a component is n, tho data for the 
construction of a system of power a are 

Power of either component = ’ g 


Separation = 

Tho principal foci lio outside tho lenses at 
clear distances of approximately (I -n) I k 
and tho eyepiece is very convenient for use 
in examining a real ohjoct. In particular, 
this property causes it to bo generally used 
in conjunction with a thread micrometer for 
fine measurements of position. 

§(4) Eyepieoe Tiikory. — T hose two eye- 
pieces seem to have boon evolved without 
tho guidance of any adequate theory, and it is 
thus of interest to consider how they compare 
with tho forms to which present theories would 
lead. It is to bo remarked in the first place 
that for the attainment of a largo field of view 
tho presence of a field Ions is necessary, tho 
elToot being to bend towards the eyo lens rays 
that would otherwise roach tho transverse 
plane in which this lens is situated at too 
groat a distance from the axis to be transmitted 
out of the instrument. Tho (eyepiece must 
thxiB consist of at least two woll-flei)aratod 
lonsoH, and those will evidently both bo of 
positive power, Aiiotbor important considera- 
tion is that the eyo is external to the instru- 
ment, and attemtion is direotod to various 
parts of the field of view by rotating tho 
eyeball in its Hoclcct without relative move- 
ment of the instrument and the observer’s 
head. The useful rays, therofiKO, lio within 
(cylinders which pass through the rim of the 
pupil and have axes through the centre of 
rotation of the eyeball. It follows that 
the tiHoful rays from different object -points 
traverse different parts of tho eyepiece, and 
each separate beam is about the diameter 
of tho pupil, and occupies only a small 
part of the lens aperture. Under those 
conditions defects such as spherical aberration 
and coma, which arc of outstanding importance 
for objectives, become of little moment in 
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comparison mth the defects which do not 
depend on the width of the beam, such as 
curvature and astigmatism. Accordingly in 
eyepieces used under normal conditions, as 
for high-power telescopes, the primary req^uisite 
is a good balance in the curvature corrections, 
the eyepiece being required to correct the 
errors of this kind of the objective in addition 
to its own tendency to produce such defects, 
while the objective must if necessary be left 
with small outstanding errors of spherical 
aberration and coma to correct those of the 
eyepiece. As is well known, the corrected 
objective causes the rays to form the focal 
lines of the issuing beams on two surfaces 
of curvatures + and -K'{ZS' + vf% 

where k' is the power of the objective and trr' 
is its Petzval coefficient, the value of which is 
about 0-7. 

8 is the quantity denoted by §3 in § (17) of the 
article on “Optical Calculations,” and on which 
the ourratare of the image depends. For a lens free 
from spherical aberration and coma it may be 
shown that 8 is unity. The quantity kzs, which is 
given by the equation 


is known as the Petzval sum.^ k is the power of 
the system, and tff the Petz-val coefficient, which is 
clearly a pure number. The above expressions 
should be compared with the quantities 
and - ( 3 €-|-e')/v 3 of the article on “Lens Systems, 
Aberrations of,” and “ Photographic Lenses.” 

Thus for a corrected objective the curva- 
tures are and - /c'(3 -I- ur'). These 

errors would he entirely overcome if the corre- 
sponding curvatures of the eyepiece, - /c(5-l- zn), 
-/c(35'l-m), satisfied 

fc'(l -Hur') + o') = /c'(3 + m')-l-/c(35 + ur) =0, ■ 

or Ac'-l-AfJ = /cV'-l-icur = 0. 

In fact, the second of these conditions cannot 
be met, for k, k\ zj, tz* are all necessarily 
positive. The best that can he done is to 
effect a compromise, and there is no general 
agreement on the precise form this should 
take. If the condition 

k' + kS—0 

is taken, the complete instrument will be 
corrected for astigmatism, but the field of 
view will appear to be convex to the observer. 
As k' is small in comparison with k in the 
eases we are considering, this condition implies 
a small negative value for 8. The outstanding 
curvature can be removed at the expense of 
astigmatism by making 

k '(2 - 1 - ■in') +• /c(25 -I- m) = 0, 


^ This may also be vndtten as See 

“ Optical Calculations,” § (7), equation (39). 


8 then having a larger negative value. Any 
particular type of correction may ho obtained 
by securing an appropriate value for but 
the values corresponding to all types of 
correction aimed at in eyepieces are invariably 
negative. 

As the contributions to the curvature terms 
of the various lenses in an instrument arc 
directly additive, it is seen that the condition 
is most readily met by securing negative 
contributions from both the field lens and the 
eye lens. From the result quoted in the case 
of the objective it appears that the presence 
of spherical aberration or coma in the oyo piece 
is a condition essential to the attainmo’nt of 
the required curvature correction.^ Treating 
both lenses in the eyepiece as thin, the value 
of 8, apart from a coefficient which is neces- 
sarily positive, is 

7 - 2|S(@ -1- S) + 2( 1 -I- S + S2, 

or if 5/c is the curvature added to each surface 
in deriving the shape of the lens from its 
standard form, 

- 2ft(§ + 8 )- 1(1 +®)S - ®S}‘ 

+r:i^{2(l + - (1 + ®)(@ + S)}“. 

!Now for a single thin lens of refractive index 

/3o = 0, 7o=(yr^3ya’ 

and with given values of ^ and S this oxprossh >11 
is algebraically a ininiiniun when 

2(1 -1- 2TiT)<s ~ (1 + ^ S). 

Consider in the first place the eye lens. For 
simplicity the direction in which i-lu'. light 
travels may bo taken as the iTV(^rH<^ of that, 
in a comi)loto instrument, so tliat we 
dealing with parallel ineddont light and a front 
stop not far from the Ions. These conditions 
give @ = 1, while S is negative and <u)inpara- 
tively large. The minimuiu value is thtm 
attained for a negative value for .v, ho that 
the surface of gimtor curvature w townrclH 
the objective. The limiting case when tli<\ con- 
tribution of tlio eye lens to 8 is z<'ro evidently 
occurs in a single lens when 



and the shallowest curvaturoH will lu* obtiiin<‘d 
by choosing the negative*! sign befon' tlu^ 
square root. If the ghisH is of r(‘fnietiv(» 
index 1-5, so that nr .-r the preferable Holutioii 
is approximately 



® For th(^ values ot the, <jiuinMll(‘S ft, 7. nee 
“Optical (lahuilntionH,” § (7), e<iuntionH (-12), 

§ (8), oquatilouH (48), (49); and § ll7); eorn-sponds 
to the tiurvature cotdliclcnt of tluit articU*. Scti 
also above. 
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so that the eye leas is meniscus with radii in 
the ratio 11 : 1 , the corresponding value of 
S being -11/4. For manufacturing purposes 
it is preferred to make the outer surface of the 
eye lens plane, and the small change thus 
introduced is easily compensated by a slight 
alteration in the value of S. 

The discussion of the desirable shape for 
the held lens may follow similar lines. In 
this case S is small and may usually be entirely 
neglected. The best conditions then require 
s and ^ to agree in sign, that is to say, the 
greater curvaturo in the field lens must he on 
the side away from the real imago. This 
simple theory thus accounts satisfactorily for 
the shapes of the lens when simple glasses are 
used. It will be noted that the determining 
factor is the positive value of Yo* Since for 
ordinary achromatic lenses is negative, it 
would bo expected that the suhstitution of 
such lenses for the simpler lenses would bo 
unsatisfactory, and this accounts for the 
unsatisfactory performance of the Kellner 



eyepiece (Fty, 3), which is a modhfiod Ranisdon 
with aohroinatio eye lens and double convex 
field (or sometimes plano-convex) Ions situated 
in the piano of the real imago. The un- 
satisfactory features of this objective could 
bo roiuovod by making use of a dense barium 
crown glass instead of a hard crown in the 
oementod eye kuis, the high rofraotivo index 
of the crown glass vaulting in a suitable 
positive value h)r 7 ^. 

The method of conx^tion which luis been 
outlined obviously provides for the removal 
of splioric.al aberration and (joma, and a 
largo reduction in the amount of curvature 
and astiginatisin. Of the spherical aberra- 
tions thoi’o roniaiuH dist/ortion, The oceentrio 
paths of thcpriiuupal rays through the oyopieco 
inevitably result in the presence of distortion, 
in the visible image, ho that straight linos in 
the object arc not roi)roRontcd by straight linos 
in the imago. As long as the defeot is not 
very obvious it is of no o()nHequon(‘.o, and v^^hen 
a Bamsclon cyepiccw is employed even pro- 
noimcod apparent clistorliion is of no irnport- 
anoo for exact moasuremonts. I^liis is evident 
whoa it is recolloetod that the image produced 
by the objective is free fi'om distortion and 
that it is actually this image which is measured, 
the apparent distortion afFooting the imago 
and the measuring device equally. It is, 
however, of interest to remark that if the 


mathematical conditions for the removal of 
distortion wore satisfied the image would ap- 
pear distorted. This is because the judgment 
of the eye in examining the image is influenced 
by the presence of the unwonted circular 
boundary by which the visible field is limited, 
in consequence of which the apparent absence 
of distortion corresponds in fact to the presence 
of a very appreciable amount of real distortion. 

§ (5) Chromatig Defects. — In addition to 
the removal of the errors which have been 
mentioned, oyopioces must present to the 
eye images which appear to bo corrected for 
colour. The comploto correction of the 
system for colour would involve the employ- 
ment of achromatic field and eye ' lenses, in 
addition to an achroinatio objective. The 
insensitivenesa of the oyo under ordinary 
conditions to limited errors renders such 
elaboration unnecessary, and satisfactory 
results may bo obtained for limited fields 
with the single glass lenses, the cost of which 
is naturally very much loss than that of 
achromatic lenses. The use of the simple 
constructions moans that only one colour 
condition can bo satisfied. When the final 
imago is at infinity, obviously it is only 
necessary that the images of different colours 
should subtend the same apparent angles at 
the eye. More generally the desirable condi- 
tion is that the principal ray for a secondary 
colour should pass through the image for the 
fundamental colour. Consider now the proper- 
ties of the Huygonian oyepiooe for light of a 
colour for which the refraction is increased 
by one part in v above that for the colour 
previously considered. The power of each 
Ions is then obtained by multiplying the old 
value by 1 H- 1 /v. The result is readily seen 
to bo that the focal length of the combination 
is K as for the original colour, but the focal 
pianos are moved, their distances from the 
external surfaces bcung now 

{m - 1 4- {m -I* l)/u} 

2k 

2w/f 

The suggested condition for aohromatism is 
thus mot if the ohjootivo is at a groat distance 
, from the oyopieco when the emergent light is 
parallel. This is the condition appropriate 
in high-powor tolosoopos, but for instruments 
in which the objective is not very distant the 
host results are obtained by a modified con- 
struction, and the altered oyepiooe is Imown 
as a compensating oyopieco. 

In the ease of the Ramsden oyopieco the 
power is not the same for the new colour, 
the new value being 
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and the distance of the principal focus from 
the nearest lens is 

and the signs in the two changes are such that 
the desirable colour correction cannot be 
effected. The compensation req^nired in the 
case of the Ramsden eyepiece is thus of a 
heavier character than with the Huygens, 
and this may be the reason why of the simpler 
eyepieces the Huygens is so decidedly favoured 
where it is possible to employ it, as, for example, 
in microscopy. For precise work where the 
Ramsden form is employed one lens is usually 
compound, an arrangement which enables the 
desirable conditions to be achieved with ease. 

§ (6) Miorosoopb Eybpibobs. — The modifi- 
cations which have been introduced into these 
lenses either consist in the substitution of a 
field lens of flint glass for the crown, or in a 
more elaborate construction. One modifica- 
tion of the Ramsden type has already been 
described. Another is the form used by Zeiss 
[Mg. 4), illustrated in the accompanying figure. 



Fio. 4. 


telescope used for terrestrial objects this is 
unacceptable, and the image must either be 
erected by the use of reflecting prisms, in 
which case a Ramsden eyepiece is suitable, 
or an erecting eyepiece must be used. The 
latter consists, as a rule, of four separated 
lenses, and in the simplest cases these are 
all lenses of a single glass. When large fields 
of view are involved at least one of the lenses 
is of more complex construction. The first 
erecting eyepiece is due to Dollond, and the 
best form has been investigated by Sir George 
Airy (Fig. 5). The eyepiece which he recom- 
mends is illustrated in the figure, and the 
data he gives are as follows : 


lexu. 

Focal 

Leugth. 

Shape. 

Riitio of 
Badii. 

StiptiratioiiR. 

1 

3 

double convex 

6: 1 

A 

2 

4 

meniscus 

26: 11 


3 

4 

couvexo-plan© 


Q 

513 

4 

' , 

double-convex 

1: 6 


The third and fourth lenses constitute a 
modified Huygens eyepiece, and their distance 
from the first two lenses is modified to remove 
any observable trace of colour in the image. 

Airy also investigated in detail suitable 
forms for the Huygens and Ramsden oyepiooos. 
For the former he concluded that the most 
desirable construction is 

Field lens, /= 3, meniscus ; ratio of radii, 4:11, 

Eye lens, /=1, double convex ; ratio of radii, 1 : 6, 
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For microscopy it is frequently desired in 
high-power work to use a low-power eyepiece 
in the first place, and substitute another of 
high power for more critical examination of 
the specimen. This interchange is much 
facilitated if refocussing can be avoided, and 
Zeiss introduced 
the modem system 
of microscope eye- 
pieces in which the 
image plane is in a 
corresponding position for all members of the 
aeries as they are placed in the draw tube. 
This convention is now generally followed. 

When the magnification is very high the 
field of view is correspondingly small, and the 
need for a field lens disappears. Accordingly 
a number of high-power eyepieces are made of 
simple achromatic cemented lenses. For these 
very small fields the correction for curvature 
remains important, because the very powerful 
apochromatic objectives which are invariably 
used for such work suffer from curvature to a 
much greater extent than do objectives of 
other types. 

§ (7) Erecting Eyepieces. — The eyepieces 
which have so far been described all yield an 
inverted image of an external object. For a 


with a separation of 2. 

§ (8) Special Forms of Eyepieoe. — Many 
variations of these forms of eyepiece have 
been described, and there is no doubt that 
excellent results arc obtainable l)y a great 
variety of constructions, provided these aro 


more complicated than those which have been 
described here. There is, however, little to bo 
gained by a discussion of such forms, for the 
best results in all cases will bo obtained by 
considering the complete instrument as a 
whole. An idea of the forms assumed in 
cases whore this is done may bo obtained by 
reference to the article on “ Toloscopos.” The 
most notable feature of the newer systems is 
that every effort is made to avoid the use of 
lenses for erecting tho image, the employment 
of prisms for this purpose being highly prefer- 
able because the image is thereby more easily 
susceptible of correction for curvature and 
astigmatism. Whenever possible there is 
much to be said for the use of simple oyoj)ieces, 
the brilliancy of the final imago varying 
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^^yersely with the number of lenacs used in. the 
^^stem. 

It will he evident from the trend of the 
^^regoing discussion that the circumatances 
''^hich call for special modificatioris of eyepiece 
abnormally large fields of view and 
Particularly low magnifying powers. In the 
•^^tter case the conditions for the correction 
the image are so different from those at 
pigh powers that it may easily occur that the 
•^^ast expensive construction will result from 
^tie use of an eyepiece over-corrected for colour 


systems. Their motion is controlled by the 
rotation of a sleeve in which suitably shaped 
slots are out, these serving to give longitudinal 
movements to the lenses through the medium 
of feathers which engage in the slots. The 
lens carriers are, of course, prevented from 
rotating about the axis of the instrument. In 
at least one form there is no longitudinal 
movement of the eye lens as the power is 
changed, so that the over-all length of the 
instrument is constant and it becomes more 
simple than in other cases to prevent the 



^i*xid an uncorreoted objective rather than the 
■Usual reveme arrangement. 

The so-called diagonal eyepiece is obtained 
^■>y inserting an inclined mirror into the path 
oi rays in the eyepiece, the emergent direction 
oi the light being thus inclined, usually at 
bright angles, to the incident direction. It is 
oiaiployeci only whore a direct oyepiooo is 
inconvenient. 

For polarising eyepieces and autooollimating 
pieces see articles on “ Microscope ” and 
“ Spectroscopes and Rcfractomoters.” 

§ (0) YARiAiJLJii Power EYmriBCES. — An 
entirely distinct class of oyei)ioco from any 
<yi tlio foregoing comprises the variable power 


ingress of water or other objectionable material 
into the interior of the instrument. 

I'ho moving systems of lenses wliich are used 
in some oyeiuooos of this class are more allied 
to photographic lenses than to most other 
optical systems, and the parallel in the work 
that has to bo performed in the two eases will 
be realised. The diagrams show two eyepieces 
of this class, one made by Messrs, Ottway 
(Fiff. 6), and the other by Messrs. Ross (Fig. 7). 

The possibility of constructing a system 
with two moving parts to give a constant 
distance between object and imago at various 
magnifications may bo soon by oonsidoring ' 
a system of two lenses of focal lengths and /g, ’ 


f 


1 

Low Power 
High Power 

i 


/■;v* 


w 


n 


thr 


wv.;/ 
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Medium Power 


o.yopio(!CH, in which, by a suitable movomont, 
hiio extent to whicdi the imago is magnified 
cfin be varied, the view miuaining in good 
focus througliout the change. Tho ratio of 
-blio higliost to tho lowest magnifying ])()Wor 
IB usually from : 1 to 4 ; 1. Tht'i cjonflitions 
which have to Ijo fulfilled naturally vary 
considerably from one another at tho oxtronio 
ends of tho range, the <u>rr<‘.(!ti()n of curvatiiro 
l>cing of outsf.an(ling importance at one end. 
while at the otluM’ th(^ extent to which spheri<*.al 
aberration and coma can bo tolerated is more 
limited. Th(' lenses employed nocossarily in- 
clude achroniatifi combinations, and the power 
is vaiiod by introducing largo changes in tho 
soparations of the components. 'To avoid 
Itxrgo cdmngciH in the external length of the 
instrument while maintaining constant focus 
t/lioro must bo at least two independent moving 


tho so]mration of whose inner principal surfaces 
is whore 

t = h ± {(L - A - A)“ - (A hAO)(/i 

When tho magnification is O, the distance 
from the first j)rinc!i£)al point of the first lens 
to tho objecst is 

' -T -A -AV - (A *]. 

and similarly, tho distance from the second 
priiKupal point of the second lens to tho image 
is given by 

•T 0 {(L -A -AY - (A+fMA +A/G)}*], 

SO that -H H- da = 2L. 
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These equations suf&ce for the theory of 
position of the moving parts when the over-all 
length is not restricted to a constant value 
if L is regarded as a variable quantity. It 
will be observed that in any case the magnifica- 
tion is determined by the focal lengths and 
/a, and the distances of the object and image 
irrespective of the values of t and L, for 

As the moving lenses form the erecting portion 
of the eyepiece, G- will be negative, so that 


for any magnification one lens produces a 
virtual and the other a real image. In tho 
special case Cr is given by tho 

ratio of the two focal lengths. T, s. 


Eybpiboes, Corrections for Optical Eb- 
FBOTS. See “ Eyepieces,” § (4). 
Chromatic Defects. See ibid. § (5). 

Eyepieces for Telescopes. See “ Tele- 
scope,” § (6). 


E 


Fatigue, Visual. See “ Eye,” § (16). 

Feohner’s Law : a law governing the relation 
between the intensity of light and the 
degree of sensation produced. See “ Eye,” 

§( 5 ). 

Felspar (KaOiAlgOgeSiOa), Use of, in Glass 
Manufacture. See “ Glass,” § (5) (ui.). 

Figure of the Earth. See “ Surveying and 
Surveying Instruments,” § (6). See also 
Gravity Survey,” Vol. III. 

Filming : formation of a surface layer inter- 
fering with transparency on the interior 
surfaces of lenses and prisms m optical 
instruments. See “ Glass, Chemical De- 
composition of,” § (1). 

Filmless Photography. See “ Graticules.” 

Films, Thin, Interference of Light in. 
See “ Light, Interference of,” § (7). 

Filter (Light) ; a transparent slab of coloured 
material, either liquid or solid, used to impart 
colour to the light which it transmits. See 
« Eye,” § (13). 

Filters : 

Compensating light: used in connection 
with the screen plate processes of colour 
photography. See “ Light Filters,” § (2) 
(iv.). 

Contrast light, description and use of, in 
photography. See ibid. § (2) (ii.). 
Orthochromatic light, description and use 
of, in photography. See ibid, § (2) (i.). 
Selective light, description and use of, in 
colour photography. See ibid. § (2) (iii.). 

Finder, Photographic : a device used for 
the purpose of indicating the amount of 
subject which would be included on the 
focussing screen of a given camera placed 
in the same position. See “ Photographic 
Apparatus,” § (7). 

Fixation, Visual : the act of looking directly 
at an object in the field of view. See 
“ Eye,” § (22). 


Flame, Sensitive : a coal-gas flame, burning 
under certain conditions of pressure and 
sensitive to sounds of high or mediuTii pitch. 
See “ Sound,” § (55). 

Flare Spots in Camera Lenses. See 
“ Camera Lenses, Testing of,” § (5). 

Flares, Photometry of. See “ Photometry 
and Illumination,” § (122). 

Flicker, The Elimination of : a problem of 
great importance in the intermittent typo 
of kinematograph, dependent upon the 
duration of the individual impulses that fall 
upon the retina. See “ Kinematograph,” 

§( 3 ). 

Flicker Photometer: a device for compar- 
ing lights of different colours. See ” Photo- 
metry and Illumination,” § (95) et se.q. 

Flute : a wood- wind musical inBtnimont. 
See “ Sound,” § (34). 

Flux (Luminous) : tho rate of flow of radiant 
energy evaluated according to itH capatuty 
to produce tho sensation of vision. S('e 
“ Photometry and Illumination,” §§ (1) and 
( 2 ). 

Focal Lengths, Determination of. See 
“ Objectives, Testing of Com])ound.” 
Autocollimating method. See ibid. § (2) (i.). 
By conjugate points. S(^o ibid. § (2) (ii.). 
Magnification methods. S(h^ ibid. § (2) (iii.). 
Microscope methods. See ibid. § (2) (iv.). 
Using parallel light. St‘e ibid. § (2) (i,). 

See also “ Camera LenH(^s, Tenting of,” 

§( 1 ). 

Focal Sphere : a term used in the study of 
projection apparatus to denote the smaih^st 
possible sphere described round th(^ “ focal 
point ” so that it just, and only just, includ(‘s 
all the convergent rays, either int(TH(‘cting 
it or just touching it. See “ Projc(^tion 
Apparatus,” § (4). 

Fooometer : a device for enabling th(' crat(T 
of an arc to be maintained in position at tho 
focus of a projector mirror. See JMioto- 
metry and Illumination,” § (121). 



FOa-HORN— GLASS 


81 


Foa-uoRN: an arrangement for producing a 
loud noise, erected on a cape or other im- 
portant point, for the warning and guidance 
of mariners during fogs. See “ Sound,” 
§ (51). 

Foot-candle: the unit of illumination on 
the F.P.S. system. See “ Photometry and 
Illumination,” § (2). 

Foot-candle Meter : a portable illu- 
mination gauge. See “ Photometry and 
Illumination,” § ((>3). 

Forbes Rano-efindbr. See “ Rangefinder, 
Short-base,” § (7). . 

Forced Life Test (op Electric Lamps). See 
“ Photometry and Illumination,” § (80). 

Fork, Tunino- : a convenient standard of 
musical pitch, for ready roforenco, each 
prong being like n Jixed-free bar and omitting 
practically its })rinio partial only, when 
bowed lightly and c^arofully at or near the 
ends of the prongs. Seo “ Sound,” § (49). 

Forks, Tuning-, oomparhi) by Smoke Traces. 
Seo “ Sound,” § (53) (iv.). 

Forrest Aro: a particular form of carbon 
arc proposed as a jjrimary standard of light. 
See Photometry and Illumination,” § (11). 

Foucault’s H eliostat : a clockwork device 
for directing the rays from the sun into a 
fixed telescope or other optical system. 
Soo “ Toloscope,” § (17). 

Foucault’s Method op dbtebminino Posi- 
tion OF A N Image Plane. Soo “ Obiootives, 
Testing of 0(.)mp<)un<l,” § (1). 

Foucault’s SiiADcnv MiiTiron ok determin- 
XN(4 THE (hrilVATUUB AND QUALITY OP 
(loNCAVK SiruFAOEH. Soo “ Sphoroniotry,” 
§ ( 10 ). 


Foucault’s Test for the Mirror of a Re- 
flecting Telescope. See “ Telescope,” 
§ ( 11 ). 

Fraunhofer Lines: the name given to the 
dark lines crossing the solar spectrum, 
which were first mapped by Fraunhofer. 
See “ Wave-lengths, The Measurement of,” 
§( 1 ). 

Frequencies, CoMrAEisoN of, by monoohord 
method. See “ Sound,” § (53) (vii). 

By resonance tube. Sec ibid. § (53) (vi.). 

Frequencies, Exferimbntal Determination 
OF Difpbrbnob between, by heats. See 
“ Sound,” § (63) (i.). 

Frequencies, Ratio of, gauged hy the oar. 
See “ Sound,” § (53) (iii.). 

Frequency, Experimental Determination 
OF. Soo “ Sound,” § (63). 

Frequency of a Musical Note: a term 
used to denote the number of vibrations 
per second occurring in the note. See 
“ Sound,” § ( 1 ). 

Fringes, Aoueomatio : produced hy using as 
the two sources of light a short spectrum 
and its virtual image formed by reflection 
in a glass plate. See “ Light, Interferenco 
of,” § (5). 

Fringes, Interference, Methods of pro- 
ducing, depending on the formation, by 
some optical system, of two real or virtual 
images of a narrow source of light, which 
images act as secondary sources. So© 
“■ Light, Intorforonco of,” § (4). 

Furnaces for melting Glass. Seo “ Glass,” 

§ (15). 
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Gases, Specific Heats of, Application of 
Quantum Theory to. Woo “Quantum 
Theory,” § ((>). 

Gas-tube ; an X-ray tube which dopondH for 
its action on the presenoo of the residual 
gas in the tube. Soo “ liadiology,” § (12). 

Geometrical Theory of Tklbhooues. 8oo 
“ Telescope,” § (1). 

GriosTH : a name given to R))uriouH lines which 
occur in all grating spectra and are duo to 
periodic errors in the ruling. Woe “ Wave- 
lengths, The Moasuromont of,” § (2). 

Glakw (in Hill ni illation). Woe “ Photometry 
and niiiiuination,” § (71). 


GLASS 

1. Definition and Constitution 

§ (1). — No satisfactory, concise definition has 
boon suggested for the term glass, which we 
u.se, commonly, to denote vitreous, apparently 
amorphous, materials, brittle at ordinary 
tomporaturoR, having a high softening point 
and possessing the general oharactoristios of 
an undor-ooolcd liquid. 

There is, however, a gradual accumulation 
of evidence which sooms to suggest that glass, 
under normal conditions, consists, not merely 
of a single liquid ])haso, but of one or more 
solid phases in fine susiiensinn in the liquid 
phase or, possibly, in colloidal solution. 
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We may regard glass, at high temperatures, 
as being a mutual solution of silicates or of 
oxides. As the temperature falls we approach 
a point where the glass becomes saturated 
with respect to one or more compounds stable 
at that temperature, and we might expect 
crystallisation to begin. The viscosity of 
glass, however, increases very rapidly with 
a fall in temperature (see “ Annealing,” § (19)), 
and it generally happens that the viscosity 
is too high and the rate of diffusion too low 
to admit of extensive crystal growth during 
the short time occupied by the cooling of the 
glass. If glass is cooled excessively slowly the 
crystals become visible to the eye ; if cooled 
rapidly no visible crystals are formed, but it 
is improbable that the viscosity will totally 
inhibit the formation of crystal nuclei and 
incipient crystallisation when the saturation 
point of the glass with respect to one of its 
constituents is reached. (See also under 
“ Physical Properties,” § (21).) 

Some glasses, which can be worked in the 
blow-pipe -without crystallisation if they have 
never been allowed to cool {i.e. if the glass is 
gathered straight from the furnace), crystallise 
at once if worked after having been cooled 
and re-heated in the blow-pipe. This suggests 
that, during the cooling, crystal nuclei have 
been formed, and these tend to grow as soon 
as the viscosity falls. 

It is found that glasses on cooling show a 
small evolution of heat when passing through 
a particular temperature. (This is reversible, 
an endothermic reaction occurring on heating.) 
The evolution and absorption is extremely 
small, and can only be detected with the most 
sensitive apparatus, but is sufficiently estab- 
lished to point to a small but definite change 
in the properties of the glass at this tempera- 
ture. 

Interesting evidence bearing on the crystal- 
line nature of glass has been obtained by a 
study of the phosphorescence of glass when 
exposed to rays of short wave-length. Many 
glasses show phosphorescence to a marked 
extent when exposed to ultra-violet light or to 
cathodic discharge, and it is found that devitri- 
fied glass is strongly phosphorescent. If such 
a glass, however, is cooled rapidly from a high 
temperature the phosphorescence decreases, 
and, if chilled sufficiently to form the well- 
kno-wn phenomenon of a Rupert’s drop, the 
sldn appears to be free from phosphorescence 
although the centre of the drop still glows 
faintly. It seems probable, therefore, that 
glass in general contains crystalline nuclei 
in various stages of development, depending 
on the composition of the glass and the 
treatment it has received during manu- 
facture. The effect of the crystalline phase 
will be considered below under different 
headings. 


II. Historical Note 

§ (2). — ^The discovery of glass has been 
ascribed both to Syria and to Egypt, and there 
is still some doubt as to the locality and date 
of the first glass-makers. 

It is certain, however, that the Egyptians 
in 1400 B.o. were acquainted with the art of 
glass-making, and specimens of glass, blown 
with and without moulds, have been found 
dating from that time. They were also 
familiar with the technique of cutting and 
the production of coloured glasses. The art 
of glazing pottery-ware dates back probably 
to 4000 B.c. 

The Greeks and Romans doubtless learned 
the art of glass-making from the Egyptians, 
but the glass industry never appeared to thrive 
in Greece, probably because of the excellence of 
their ceramic ware. The Romans, however, 
acquired considerable skill and were successful 
in mastering the technology of coloured glass, 
both clear and opal, although they continued 
for some time to import glass-ware from Sidon, 
Tyre, and Alexandria. The Romans worked with 
a glass of the soda-lime type. The Venetians 
may be credited with being the first to pro- 
duce glass at a cost which allowed of its more 
general use. Venetian glass was characterised 
by the great beauty of form and lightness of 
the ware. Since the sixteenth century the 
Bohemians have also been great glass-makers. 

The glass industry was first introduced 
into England in the thirteenth century, when 
French glass-workers settled in Surrey and 
Sussex. The industry flourished until the 
reign of Elizabeth, when restrictions on the 
use of timber as a fuel caused its tom])orary 
decline. In 1550 a factory making window- 
glass and drinkirig- vessels was started in 
London, and in 1619 the glass industry of 
Stourbridge sprang up. Stourbridge was 
particularly suited for glass-making owing 
to the presence of coal, together with the 
necessary clay for the manufacture of pots. 
The glass industry has now spread to all parts 
of England, but vStour bridge still rcutiains 
one of the chief centres of the flint-glass 
industry.^ 

III. Composition 

§ (3). — The following arc the most common 
glass-forming oxides : 

Acidic : Silica ; Boric acid. 

Basic : Sodium oxide (NaaO) ; Potassium 
oxide (KjO) ; Oxides of Barium, Calcium, 
Magnesium, Zinc, Manganese^ Lead, 
Aluminium, Iron. 

In addition to these, the oxides of arsenic, 
lithium, tin, and zirconium, and the ekunents 
fluorine and selenium, are introcluc.od into 
* See Bncyclopccdia Britannicat 11th edition. 
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glass for special purposes, and, for the manu- 
facture of coloured glasses, the oxides of 
nickel, cobalt, chromium, copper, uranium, 
and the elements carbon, sulphur, silver, and 
gold are employed. 

Probably over 99 per cent of the glass manu- 
factured in the world is composed of a com- 
bination of silica with a mixture of two bases, 
an alkali (soda or potash), and either lead 
oxide or hme, 90 per cent being made from 
silica, soda, and lime only. Window glass, 
plate glass, and bottle glass-ware are made 
from silica, soda, and lime. Alumina is occa- 
sionally added to give greater strength and 
stability. Bohemian glass-ware is made from 
silica, potash, and lime, and flint glass for 
table-waro, cut glass, electric light bulbs, etc., 
contains silioa, lead, and soda or potash. Oc- 
casionally magnesia or baryta is substituted for 
lime or baryta for lead oxide. 

For glasses requiring special properties, 
resistance to attack by chemical reagents,^ 
resistance to sudden changes of temperature, 
etc., magnesia, zinc oxide, and alumina are 
introduced and boric acid (B 2 O 3 ) is substituted 
for part of the silica. Glasses free from 
silica are found to be insufficiently stable for 
general use. In following column is given a 
Table of Analyses of typical glasses. 

IV. Raw Materials 

The sources of raw materials available for 
glass-making depend largely on the type 
of glass for which it is intended, since the 
small amount of impurities which can be 
permitted in better qualities of glass excludes 
a large quantity of material which would 
otherwise bo suitable. 

§ (4) Silica is almost invariably introduced 
into glass in the form of sand. Deposits of 
sand suitable for glass-making are found in 
many parts of the world. The chief require- 
ments for a glass-making sand are freedom 
from iron and evenness and angularity of grain. 
For the manufacture of bottles, etc., uniformity 
in grading is the most important feature, the 
iron content being of less importance, whereas 
for “ white ” glass (or “ flint ” glass, the name 
now used to denote glass free from colour), 
such as chimneys, pressed ware, table glass, 
etc., chemical purity is equally essential. 
90 per cent of the sand grains should ho 
between 0*5 and 0-1 mm. in diameter. Many 
sands are found containing 99 per cent between 
those limits. Sands graded between smaller 
hmits 0-5 and 0*25 mm. are to bo preferred, and 
it is not uncommon to find sands containing 
over 50 per cent between these hmits. In 
America graded sands considerably coarser 
than this are sometimes used. 

^ See article “ Glass, Chemical Decomposition of.” 
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The best European deposits are at Fontaine- 
bleau near Paris, and Lippe, Saxony. These 
contain over 99-7 per cent of silica and less 
than 0-03 per cent of iron oxide ; they are 
remarkably uniform in composition and grain 
size. Next in order of merit come the Belgian 
sands, notably at Epinal (below 0-05 per cent 
of iron oxide). Fair quality Dutch sands are 
also found. 

Some of the British sands have a low iron 
content, but, in general, the sand is not so 
uniform in quality as that of Fontainebleau. 
Good deposits are found at Lynn, Aylesbury, 
Muckish Mount, Huttons Ambo, Burythorpe, 
and other places.^ 

For the manufacture of bottles sands rich 
in alumina are useful. 

A number of good deposits of glass sands 
are found in America, notably in Illinois and 
West Virginia. 

§ (5) Alkalis. — (i.) Sodium oxide\^g&Q.QTQX!Ly 
derived from sodium carbonate (“ soda ash ”) 
obtained from the Le Blanc or ammonia soda 
process, or sodium sulphate (“ salt cake ” ) 
obtained from the Le Blanc process. Until 
recently, owing to its relatively low cost, 
salt cake was largely used as a source of 
soda, but its use is attended by various dis- 
advantages. It is usually contaminated with 
chlorides, and occasionally free sulphuric acid, 
and it is not easy to remove all the sulphates 
from the glass during manufacture. The 
chlorides and sulphates tend to produce a 
milky, appearance in the glass. A high 
temperature is necessary to decompose the 
salt cake, the decomposition being assisted 
by the addition of carbon to the batch ; 
the presence of carbon, however, makes the 
use of a “ decoloriser ” extremely difficult. 
Another disadvantage in the use of salt cake 
is that the walls of the furnace are seriously 
corroded along the “ flux line ” (at the surface 
of the glass) by the alkali which floats on the 
surface of the half-melted batch. 

Soda ash, though formerly expensive, is now 
cheaper than salt cake and is becoming more 
popular owing to the inconveniences inherent 
in the use of salt cake. With soda ash as 
the source of alkali, however, it is difficult to 
melt glasses rich in silica and lime without 
the formation of a scum rich in silica which 
floats on the surface of the glass. A common 
practice is to use soda ash with the addition 
of the minimum amount of salt cake to 
prevent the formation of the scum. 

Small quantities of soda are also introduced 
in the form of sodium nitrate for the purpose 
of oxidising any organic matter, ferrous iron, 
etc., that may be present in the glass, and 
of securing the oxidising conditions necessary 

‘ P. G. H. Boswell, “British Glass-making Sands” ; 
0. J. Peddle, “ British Glass-making Sands,” Jour. 
SoG. Glass Tech. i. 27. 


for melting batches containing lead, which is 
easily reduced. 

(ii.) Potash is universally added in the form 
of potassium carbonate (“ pearl ash ”). This 
can be obtained commercially in a state of 
reasonable purity. Pearl ash is highly hygro- 
scopic, and careful analytical control is neces- 
sary if potash glasses are required to be of 
constant composition. Potassium nitrate ( salt- 
petre) is also used in small quantities. 

(iii.) FeUpar (KgO, AlaOsflSiOa) is occasion- 
ally used as a source of alkali where the presence 
of alumina is not considered disadvantageous, 
and, for cheap glass-ware, bottles, etc., rocks 
such as granite and basalt are sometimes used. 

§ (6) Limb is usually added in the form 
of ground chalk, lime spar, or limestone 
rocks. In glasses containing magnesia dolomite 
provides a convenient source of lime and 
magnesia. Where greater purity is required, 
precipitated calcium carbonate can be obtained. 

§ (7) Baryta. — The cheapest source of 
barium oxide is the mineral witherite, BaCOs, 
which can be obtained in sufficient purity for 
the manufacture of some glasses, pressed glass, 
etc. For optical glasses chemically prepared 
precipitated BaCOg or Ba(N08)2 

§ (8) Lead Oxide is usually added in the 
form of red lead (a mixture of PbO and PbaO^, 
corresponding roughly to Pb304). Red load 
varies somewhat in composition, free load 
and lead sulphate are sometimes present, 
and the moisture content is variable. It is 
desirable that the maximum amount of PbaOj 
be present to facilitate oxidising conditions. 
Litharge, PbO, is sometimes used in the batch, 
but, owing to its low oxygen content, it is 
not desirable. 

§ (9) Magnesia. — The chief sources of mag- 
nesia are dolomite (calcium and magnesium 
carbonates) and magnesite (MgCOg). These 
minerals are obtainable in reasonable purity 
and are used in considerable quantities. For 
special purposes precipitated magnesia is used. 

§ (10) Alumina. — For the best glasses the 
sources of alumina are plentiful, china clay, 
felspar, etc. There is some difficulty, however, 
in obtaining a cheap form of alumina for the 
manufacture of common glass bottles, where 
the low cost of the batch makes the adcliiion of 
felspar too expensive. This is unfortunate, since 
the presence of alumina in glass increases the 
durability both mechanically and chemically. 

§ (11) Borio Oxide (BgOg), an ingredient of 
many optical and resistance glasses, is intro- 
duced either as boric acid (H3BO3) or as borax. 

§ (12) Miscellaneous Ingredients. — For 
the manufacture of opal glasses fluorspar 
(CaFa) and cryolite (AlFgSNaF), both natural 
and artificial, are used. Calcium phosj)hato is 
also used for this purpose. 

Other materials required in glass-making aro 
used in the form of chemically prepared com- 
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pounds, since they are only required in small 
quantities, and the cost is therefore unim- 
portant. 

§ (13) Arsenic. — White arsenic or arsenious 
oxide (AsgOg) is the usual source of arsenic for 
the glass industry. Arsenic is introduced into 
both oxidising and reducing batches with 
apparently beneficial results. It appears to 
accelerate the removal of bubbles from the 
glass and, also, to assist “ decolorisers ” in 
their action. 

It is probable that under oxidising conditions 
the arsenic is oxidised at low temperatures to 
AsgOu, and at high temperatures this oxide 
tends to decompose, forming AS2O3 and liberat- 
ing oxygen which sweeps out the small bubbles 
from the glass and also oxidises the manganese 
and iron, giving the condition required for 
successful “ decolorising.” Under reducing 
conditions metallic selenium is generally used as 
a decolorisor. A part of the arsenic is reduced 
to metallic araenic, which is volatile, and 
thus sweeps out the bubbles with a reducing 
vapour which tends to keep the selenium from 
becoming oxidised. 

Analyses of glasses made from batches con- 
taining nitrates show that from 10 per cent to 
20 per cent of the arsenic may bo lost during 
molting, and, of the arsenic remaining in the 
glass, from 80 per cent to 00 i)er cent is in the 
pontavalont condition. Similar glasses molted 
without nitrates lose from 30 per cent to 40 per 
cent of the arsenic during the melting process, 
and only 00 per cent of the remaining arsenic 
is in the pontavalont condition. 

V. The Manufacture of Glass 

It is not possible hero to doscribo in any 
detail the manufacturo <)f glass, since the pro- 
cess varies very considerabiy with the typo of 
glass made and the use for which it is intoudod. 
The general outlines are given below. 

§ (i4) The IhiiorARATioN ov tiik Batch. — 
The term *M)atch” is used to denote the 
ingredients of the glass mixed in the mquired 
proportions and ready for m(dting. The 
SUCC.OSS of the molting o])eration and the 
quality of the glass obtained depends very 
largely on the care taken in the j) reparation 
of the batch. Many manufacturers do not 
sufliciontly realise the imj)ort.anco of this side 
of the glass works. The raw materials should 
bo well ground. Kven grading is as important 
as the actual fineness of division. The sand, 
and occasionally other ingredients, arc <lricd ; 
in some works the sand is roasted to a rod heat 
before use. The various constituents are then 
weighed out and fed into a mechanical mixing 
machine, which doUvors the mixed, sieved 
batch into a container in which it is convoyed 
to the furnace. In some up-to-date, well- 
organised works elaborate plant is used to 


carry out these operations, and the weighing, 
mixing, and conveying of the batch is effected 
automatically. Many works are to be found, 
however, where the batch composition is 
estimated by volume — ^in some cases the shovel 
being the unit of volume — and the mixing 
carried out by hand. 

§ (15) Furnaces and Melting Process.— 
Two entirely different methods of melting are 
employed according as the glass is contained 
in crucibles (or “ pots ”) or in a tank. 

(i.) Melting in Pot Furnaces , — The pots used 
to contain the glass during molting are of two 
kinds, open and closed. The open pot is a cup- 
shaped vessel, anything up to 5 ft. in diameter 
and 5 ft. high (or even larger), containing, when 
full, from 2 cwt. to 2 or even 3 tons of glass. 

The closed pots are similar to the open 
ones except that they are fitted with a dome 
or hood which has an opening on one side 
through which the batch is charged, and the 
finished glass subsequently gathered. This 
hood, which projects through the wall of the 
furnace, servos to protect the glass from con- 
tamination by the furnace gases. 

One furnace may contain several pots, from 
2 up to 20 or more. The furnaces are usually 
fired with producer gas, although direct coal- 
fired furnaces are still found in some parts. 

Great care has to bo exercised in the manu- 
facture and subsequent handling of the pots. 
Those are made from carefully selected fire- 
clays (see “Glass-house Refractories,” Vol. V.). 
The raw clays are mixed with a quantity of 
burnt clay, to reduce the shrinkage on firing, 
moistened, and allowed to mature for some 
months. The pot is then built up slowly by 
hand. The pot-makor first moulds a disc to 
form the bottom of the pot and then proceeds 
to build up the sides ; not more than 6 in. or so 
of wall con be added at a time, since the plastic 
clay is not strong enough to support the weight 
of the whole side. The pot has, therefore, to 
bo built in stages with an interval of a day 
or two between each stage. In some works 
plaster or wooden moulds are used to support 
the x)ot3 during their manufacturo. Open pots 
are occasionally made by the casting process 
(see “ Glass - house Refractories,” Vol. V.). 
When the pot is completed it is allowed to diy 
slowly. The temperature of the drying-room 
is carefully regulated and precautions are taken 
to prevent draughts. When the pots are dry, 
a process which generally takes some months, 
they are removed from the drying-room when 
required for use and placed in a small kiln 
(the “ })ot arch ”), in which they are brought 
slowly up to a red heat. Very great caution 
is required in the initial heating, and the correct 
rate of rise of temperature, which varies with 
different clays, must bo maintained carefully. 
The temperature to which the pot is taken in 
the pot arch varies considerably in different 
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works, and frequently 900 ° C. is not exceeded. 
It is better practice, as a rule, to run to con- 
siderably higher temperatures. When the pot 
arch is at its maximum temperature, the pot is 
taken out and transferred as rapidly as pos- 
sible to the melting furnace. For this purpose 
the brick work in the front of the melting 
furnace is removed, leaving a hole sufficiently 
large to admit the pot. When the pot is in 
position in the melting furnace, the wall is 
bricked up and the temperature raised. In the 
best practice the pot is heated to a temperature 
considerably higher than that required for the 
melting of the glass, since the life of the pot is 
prolonged if it is well “ vitrified ” before the 
glass is charged into it. In many works, how- 
ever, the pot is not subjected to this prelimin- 
ary heating and the glass is introduced as soon 
as the pot reaches the melting temperature of 
the glass, with the result that much unnecessary 
corrosion of the pot takes place. 

The raw materials are mixed with a quantity 
of previously-melted glass of the same com- 
position (cuUet). This greatly facilitates the 
melting process. The pot, when ready for 
filling, is jfirst glazed with cullet to protect it 
from, the direct contact with the raw materials, 
particularly the alkali, which has a powerful 
fluxing action on the clay. The pot is then 
filled with the raw material and cullet. Since 
there is a considerable diminution in bulk when 
fusion takes place, several fillings are required 
to yield a pot full of molten glass. The method 
of filling varies somewhat in different works. 
Sometimes great care is taken to prevent the 
batch from touching and chilling the walls of 
the pot. In this case the batch is piled up in 
the form of a cone and as many as six or more 
fillings are made. In other works the hatch is 
shovelled on quickly, two fillings, or occasion- 
ally, with lead batches, one filhag, beiug con- 
sidered sufficient. 

The contact of the damp material with the 
walls of the pot and the consequent chilling of 
the inside frequently gives rise to small cracks 
in the pot walls (known as “batch cracks”). 
These increase in size at each filling and often 
cause the ultimate failure of the pot. 

The reactions which occur during fusion are 
complex and imperfectly understood. The 
order in which the various changes take place 
is roughly as follows. The moisture and com- 
bined water is expelled from the hatch ; 


Alkalis in the form of nitrates melt . . 320® 
Magnesium carbonate decomposes . . 350® 
Red lead decomposes, forming litharge . 600® 

Boric oxide melts 677° 

Barium carbonate melts .... 796® 
Potassium carbonate decomposes . . 810® 

Calcium carbonate decomposes . . . 825® 

Sodium carbonate melts .... 849° 

Litharge melts 877° 

Potassium oxide melts 880° 


Complex eutectics are formed, in which the 
oxides having high melting-points are slowly 
dissolved. The ease with which the glass molts 
depends largely on the viscosity of those 
eutectics. Owing to the low diffusivity of the 
mixture a very large temperature gradient is 
set up in the batch, and, in consequence, all 
the possible physical and chemical changes 
occur simultaneously in different parts of the 
pot, and many bubbles of gas, water, carbon 
dioxide, etc., are entrapped in the molten 
glass. The raw materials of the glass are 
eventually dissolved, and the bubbles of gas 
rise slowly to the surface at a rate depending 
on the square of their diameter, the viscosity 
and density of the glass. By a judicious 
choice of raw material and temperature of 
melting it is possible to arrange that only 
large bubbles remain in the glass at the end 
of the fusion, and these rise to the surface 
in a few hours and burst. If for any reason 
small bubbles (technically known as seed) 
are formed, the glass-maker frequently has to 
introduce large bubbles to sweep the small 
ones to the surface. Por this purpose it is 
common practice to plunge a potato, on the 
end of an iron rod, to the bottom of the pot. 
The moisture and organic matter, which is 
given off violently, effectually removes tho 
small seed. Nitrates and arsenic are some- 
times used for this purpose. 

To facilitate the removal of the bubbles (a 
process commonly known as “fining”), tho 
temperature of the furnace is raised. With 
the diminution in the viscosity of the glass, the 
corrosion of the pot becomes severe. Tho 
glass in contact with the pot walls dissolves tho 
material of the pot, the resulting glass having a 
density different from the mean density of tho 
melt. Currents are therefore set up and, since 
the density of most glasses is greater than that 
of the pot used, these currents, caused by the 
solution of the pot in the glass, flow up the 
sides of the pot. As the glass rises, it becomes 
richer in pot material, and, consequently, loss 
active as a solvent, with the result that tlio 
attack of the glass on the walls of the pot is 
greatest at the bottom and a taper is produced 
in the pot.^ 

There are other factors which affect the rate 
of corrosion (apart from the imperfections in 
the pot itself), i.e. the temperature distribution 
in the fnmace, since it is possible for large con- 
vection currents to be set up if the bottom of 
the pot is heated locally. (See “ Glass -hoxiso 
Refractories,” Vol. V., for further details on the 
properties and behaviour of glass-house pots.) 
The presence of these convection currents is 
important, since the rate of solution of tho 
I 

^ Coad-Pryor, ** Notes on Pot Attack,*’ Jour. iFior. 
Glass Tech., 1918, ii. ; and Bofienhain, “ Home 
Phenomena of Pot Attack,” Jour. Soc. Glass Tech., 
1919, iU. 
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pot in the glass depends largely on the rate at 
which the glass rich in dissolved pot material 
can be removed from the vicinity of the pot 
and fresh glass brought in contact with it. 
The presence in the glass of an excess of silica 
and alumina derived from the pot increases 
the viscosity greatly, giving rise to a corre- 
sponding dinodnution in the rate of diffusion, 
and, but for this formation of currents, the pot 
might reasonably be expected to last for years 
instead of months as is actually the case. 

The formation of sillimanite crystals ( AlgOg, 
SiOa) in the pot appears to exert a marked 
beneficial influence on the rate of solution. 

During the “fining” process samples 
(proofs) are taken fronn the pot on an iron rod 
and, from these samples, the expert glass- 
maker can decide when the “ metal ” is ready 
for working or gathering. When the glass is 
line (free from bubbles and raw material) the 
temperature is lowered until the viscosity 
suitable for gathering is reached. The glass is 
still far from being homogeneous, the lower 
portion being considerably denser than the 
upper, and the parts near the skies being richer 
in silica and alumina (derived from the pot) 
than the central portion of the pot. How- 
ever, for all purposes except for optical instru- 
ments, the glass is considered good enough for 
use. 

(ii.) MdtiTig in Tank Furnaces . — Tor the 
production of cheaper kinds of glass whore 
mass production is essential, tanks ” are 
invariably employed for melting purposes. A 
tank consists of a fire-brick cliamber which 
may vary considerably in size according to the 
output ro(iuirod, their capacity ranging from 
two to over a thousand tons of glass. The 
ratio of length to breadth is roughly throe to 
two, average dimensions being from 12 to 18 
ft. wide, 24 to 36 ft. long, and from 30 to 44 in. 
deep. The bottom and sides of the tank are 
usually constructed of firebrick or refractory 
stone and the crown of silica brick. The gas and 
air enter by ports arranged along the side of the 
tank and the combustion takes place over the 
surface of the glass, the products of combustion 
passing out on the opposite side by flues loading 
to the rogenorators, which are usually situated 
below the tank. 

The dimensions of the tank and the dis- 
tribution of tomporaturo arc bo contrived that 
the raw materials arc fed on at one end of the 
tank, molt and flow slowly down tho tank, and, 
by the time tho glass roaches tho other end, it 
is fine and ready for working. 

This procedure is more economical than 
melting in pots, since the glass is exposed to 
tho direct heat of the flame. The process is 
continuous and the glass may b© worked day 
and night without cessation. Tho refractory 
materials are more durable, since, in the places 
whore they are in contact with the glass, they 


are always cooler than the glass, whereas, in a 
pot furnace, the heat has to be transmitted 
through the pot walls. 

Pi‘eq[uently the most vulnerable parts of the 
tank are water- or air-cooled on the outside and, 
consequently, the tank is practically lined with 
a layer of glass too viscous to attack tho 
refractories at an appreciable rate. In some 
works tho whole of the furnace walls are water- 
cooled, and, in such furnaces, the rate of solu- 
tion of tho refractories is extremely slow. 

No thermal convection currents are found in 
the glass in a tank, since the heating is from 
above, and we find, therefore, that tho tank 
blocks wear away first near the surface of the 
glass, tho attack on the hlocks diminishing 
with the temperature as the depth helow the 
surface of tho glass increases. Tho hloolcs 
forming tho bottom of tho tank may last for 
some years, but tho side walls, near tho 
surface, seldom last for more than a year, 
often less. 

In a furnace molting flint (colourless) glass 
tho serious corrosion oxtonds to a depth of 
perhaps 18 inches or 2 foot; with deeply 
coloured glass, an. amber or dark green, tho 
attack of tho glass on tho sides of tho tank 
8 or 10 inches below tho glass level is slight. 

During the melting process, in both pots and 
tanks, it is frequently found that a scum is 
formed on the surface of the glass. In pots, 
the glass is skimmed before the gathering of the 
glass is commenced ; in tank furnaces, to meet 
this difficulty a wall or bridge is generally built 
across tho tank, shutting off the working end 
from tho melting. This bridge, which projects 
a few inches above the surface of tho glass, re- 
tains tho scum and tho surface layer of the glass 
generally rich in silica, and allows tho clear 
glass bolow to flow into tho working end through 
a hole in tho bridge near tho bottom of the 
tank. The attack (^f tho glass on tho bridge is 
severe, and it is generally nocossary to cool it by 
building it hollow and maintaining a oiroula- 
tion of air or stoam in it. Tho cooling of the 
orifico through which tho glass flows presents 
special difficulties, sinoo severe chilling will 
cause obstruction duo to high viscosity of the 
glass. Various devices have boon adopted to 
separate the working end from tho melting end 
of the furnace, sinoo tho tomporaturc suitable 
for gathering tho glass is lower than that 
required for molting. Thus tho bridge is 
somotimoB continued right up to the crown of 
tho furnace, tho part above tho glass level 
being built in ohoquer work to cut down the 
radiation from the melting end- Again, a 
separate chamber oonnocted to the molting 
tank by moans of a clay syx^hon has been used. 
Sometimes small covered pots (generally known 
as “ potettos”) are built into the working ond 
of the furnace vrith their hoods projecting 
through tho fiimaoe walls in a manner similar 
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to pot furnace practice. These potettes are 
drilled near tlie bottom, below tbe surface level 
of the glass, to allow the glass from the tank 
to flow into them. When working with 
potettes a bridge in the tank for skimming 
purposes can be dispensed with. 

§ (16) Difbots. (i.j Stones . — If the pro- 
cess of manufaotare outlined above has been 
carried out successfully, glass is obtained in the 
pot or working end of the tank free from 
bubbles and ondissolved material and reason- 
ably uniform in composition. There are 
various defects, however, which are frequently 
found which have arisen through accidental 
causes or through carelessness on the part of 
the operators. Of these perhaps the most 
common is the disease known as “stones.’* 
These consist of solid particles which have not 
been taken into solution in the glass, and may 
be caused by drips from the crown of the fur- 
nace or particles of refractories from the walls 
which have become undermined and detached. 
Stones may also be formed if parts of the 
furnace have been allowed to become too cool, 
when “ devitrification ” or crystallisation of 
the glass may result. These cr 5 rstal 8 , when 
once formed, are only dissolved with difficulty 
and, in consequence, give rise to stones. One 
of the most prolific sources of stones is the 
inclusion in the batch of coarse particles of 
raw material, such as limestone. 

(ii.) Striae , — ^Another common defect is the 
presence of striae or “ cords,” which consist 
of veins of glass of a different refractive index 
from that of the rest of the glass. Strictly 
speaking, striae are always present in any 
but the best optical glass, although, for most 
purposes, they are suffi-ciently small to pass 
unnoticed. They are produced by imperfect 
mixing of the batch or contamination of the 
glass by the walls of the pot or tank. Stones 
always give rise to striae, which persist in the 
glass after the stones have disappeared. Striae 
are also found if tho furnace has heen allowed 
to run cold during the melting, when the high 
viscosity has hindered the diffusion of tho 
constituents. 

(iii.) Seed . — The presence of fine bubbles, or 
“ seed ” aa they are called, in the finished 
glass is a defect sometimes found. Bubbles, 
which should have been removed during the 
fining process, are sometimes found in the 
glass owing to inadequate control of the 
temperature during founding or to an attempt 
to increase tho rate of production beyond 
tho working capacity of the furnace. 

Seed may appear, however, at a later stage, 
after the glass has once been fine. This 
phenomenon is common in amber glasses 
where the colouring has been produced by 
carbon, probably in colloidal solution. Under 
certain conditions a rise in temperature or 
mechanical agitation may cause an evolution 


of gas. A similar effect is said to occur in 
cobalt blue glasses. Again, with somo glasses, 
certain gases appear to bo more soluble at 
high than at low temperatures, and on cooling 
bubbles are evolved. By successively oocoling 
and heating the glass for a number of times 
the quantity of gas in solution can bo 
dinoiiiished, and a marked improvement is 
observed in the tendency of the glass to 
devitrification. It has been shown that glass, 
under normal conditions, can hold in solution 
considerable quantities of gas. Allen and 
Zies obtained from 6-5 grms. of glass 6*5 c.o. 
of gas having the composition : oxygen, 
64*2 per cent ; carbon dioxide, 24*2 per cent ; 
carbon monoxide, 3*5 per cent; hydrogen, 
3*9 per cent ; nitrogen, 4*1 per cent ; and 
instances have been given whore glass on 
cooling has liberated many times its own 
volume of gas. All glass, as usually made, 
contains a large amount of dissolved water 
vapour, far in excess of other gases found in 
glass. This is evolved copiously on boating 
the glass to 300°-400° C. or over, under 
reduced pressure. 

So-called “ vacuum bubbles ” are formed 
where the surface of tho glass is chilled 
rapidly, forming a surface crust, while tho 
centre is still hot. As the interior of tho 
glass shrinks a high state of tension is 
duced and minute bubbles may swell to a 
large size. 

(iv.) Colour . — A frequent source of trouble 
to the glass-maker is the control of the colour 
of the glass. Iron is always present in tho 
raw materials and refractories, and, when 
present in an excessive amount, produces a 
colour which varies from a yellowish green 
to blue according to the state of oxidation 
of the iron and tho composition of the glass. 
The remedy for this is, of course, to use 
materials as pure as possible, but, for most 
commercial purposes, raw materials free from 
iron are much too costly. To’ mask tho iron 
greeu, a colouring agent which gives the 
complementary colour, pink, is added to tho 
batch. Of these “ decoloriscrfl,” tho most 
usual reagents are manganese (used • with 
batches worked under oxidising conditioiiH) 
and selenium (for reducing conditions), ofttui 
in conjunction with small qiuintitic^H of 
chromium, nickel, and cobalt. Tlio colour- 
ing effect due to the presence of iron ih 1(‘hh 
when the iron is in the tri valent eouditioii, 
and hence tho presence of nitrates in tho 
batch improves the colour, since oxidising 
conditions arc then attained. It is not usual 
to attempt to decolorise glasses containing 
more than 0*2 per cent of iron caleulatoxl as 
Pe^Og; a higher content of iron gives a glass 
which, when decolorised, has a perceptil>I(^ 
grey tint. 

A good “ flint ” soda-limo glass may contain 
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about 0*11 por oont FogOj, and a lead flint 
glass for out glass table ware may contain 
0*03 por cent or oven loss. 

Arsenic is also introduced into the glass to 
facilitate the action of decolorisers. The 
chemistry of this action presents some difft- 
oultios. (Seo “ Ria^w Materials,” “Arsenic.”) 

§ (17) Optioax Glass.— The standard of 
quality required in glass for optical purposes 
makes the manufacture of optical glass a 
special process. The glass requires to be care- 
fully stirred to produce the necessary homo- 
geneity, and, oven then, it is considered a good 
yield to obtain 20 per cent of good glass out 
of the pot. For this purpose a clay stirrer 
is introduced into the pot as soon as the 
glass is fine, or somotimes at an earlier 
stage, and the gloss is sloivly stirred. This 
operation is carried out mechanically, the 
clay stirrer being manipulated by moans of an 
iron rod. It is necessary to stir as the tempera- 
ture falls, until it is no longer possible to 
continue owing to the Ixigli viscosity. The 
stirrer is tlion either removed or allowed to 
remain in the glass near the side of the pot. 
The rate of stirring permissible varies within 
narrow limits, and has to ho regulated care- 
fully as the glass cools. At the end of the 
stirring operation the pot is removed from 
the furnace as (j^uickly as possible and allowed 
to cool rapidly. With some glasses which 
tend to dovitrify it is necessary to chill the 
glass by spraying water on to the outside of the 
pot. When sufficiently cold the pot is broken 
up and the glass carefully examined, those 
pieces which, arc considered free from striae 
and other defects being reheated to the 
softening point of the glass and moulded 
into rectangular blocks or lenses. The hlocjks 
are then annealed (soo “ Annealing,” § (19)), 
and Anally ground and subjected to further 
inspection. ^ 

§ (18) JVlANa*ULATiON. — Thc general prin- 
ciples of glass-blowing nro well known and 
have been described frequently.® 

A brief oxitlino of the processes in use at 
l-ho prosont day is givcm bellow. 

(i.) Hollow OlM*i~taare . — Although glass 
mado by niooluuiiciU moans hiis displaced in 
many eases the liand-blown artiebss, it is 
difficult to obtain by machinery the oxcoUont 
finish which can be produced by a skilled 
glass- blower. The automatic production of 
unsymmotrioal shapes, i,e, water jugs with 
handles and spouts, and complicated pieces 
such 08 winc-p^laaflos, presents serious difft- 


^ SoridH of papers IsHutnl Troni GeophyBieal hahora- 
tory, Washington, on optioal pclasB; itosenhain, 
(if lass Manufatture^ (‘h. xlv.; liosenliain, Optical 
(jflttss : Crmtor Lecture to Ro)/al floe. Arts. 

“ JloHonhnin, OlasR Manufacture. ; Powell and 
RosoiihaUi, arti<^U‘H on Ota in the lUnciiclopccdia 
lirittmnica, 9th iind J Ith o<UtionB ; Towoll and 
(flianco, Principles of Olass-maHns; ; P. Marson, 
Glass. 


culties, and, at present at any rate, the 
supremacy of hand- blowing for such ware is 
unchallenged. 

The blowing of a large glass article is 
generally carried out by a team of men or 
boys, who constitute a “chair.” As a rule, 
two men and two boys make up a chair, 
although, for some work, only three persons 
are employed. In some works there is a 
tendency to increase the number of men to a 
chair, since, by so doing, the work becomes 
more highly specialised, and each man, in 
consequence, more efficient at his small con- 
tribution, and the highly skilled labour 
economised. 

The glass-blower’s equipment is simple, the 
most important item being the stool on which 
he sits. This consists essentially of a small 
wooden bench provided with arms on each 
side which project in front and behind him. 

The “ gatherer ” first takes the blowing- 
iron, an iron tube about 6 ft. in length, which 
has previously been heated, and dips the end 
in the glass with a circular motion, with- 
drawing it with a ball of glass adhering to it. 
He then rolls the glass on an iron plate (the 
“marver”) in such a way as to obtain a 
symmetrical shape in the glass on the blowing- 
iron. During this operation the glass has 
become chilled and stiff to work. He then 
dips it again in the pot, gathering more glass 
and marveling as before. This process is 
repeated mtil the required weight of glass 
has been collected on to the blowing-iron. 
From time to time the gatherer blows gently 
down the tube, expanding the glass on the 
iron into a pear-shaped mass. He then hands 
the iron to the glass-blower, the head of the 
“ chair,'’ who sits on his bench and places the 
blowing-iron across his knees, resting it on 
the arms of the chair. Since the glass is mobile 
during the blowing operation it is necessary 
to keep the iron constantly revolving to 
prevent the gathering from losing its sym- 
motrical shape. The blower, by rolling the 
iron along the arms of the chair with one 
hand, is able to effect this, and, holding his 
tools in the other hand, he can shape the 
article as though the iron were in a lathe. 

Thc glass-blower’s outfit consists of a pair 
of shears or scissors, a palette or “ battledore ” 
(a small wooden board with a handle), a pair 
of tongs, calipers, a foot-rule, and an iron 
bar or file. 

In the process of blowing hoUow ware such 
as a jug or decanter, he rests the iron on one 
arm of the chair and blows until the desired 
size of bulb is obtained. He then shapes the 
bottom and sides of the jug by revolving it 
on the two arms, as indicated above, with 
one hand, and pressing the glass into the 
required shape with the palette, and checking 
the dimensions with the calipers. 
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When he has trued the bottom of the jug, 
one of his assistants takes an iron rod — the 
punty (also kno-wn as the pontee, ponty, or 
puntee) — gathers a small amount of glass on 
the end of it, and then presses this on to the 
centre of the bottom of the jug- The glass 
on the punty adheres to the jug ; at the same 
time the blower touches the glass at the end 
of his iron with the cold iron bar, and the jug 
breaks off the blowing-iron and remains 
attached to the punty. The assistant then 
reheats the jug, which has hy this time become 
set, in a small furnace, the “ glory hole,” 
and when it has softened again returns it to 
the glass-blower, who revolves it rapidly on 
the bench. The centrifugal force causes the 
hole at the top of the jug (where it was origin- 
ally attached to the hlowing-iron) to open out. 
The blower trims the end with the shears, 
and then, rotating it, forms it into the desired 
shape with the help of his tongs. In this 
manner, with modifications suited to the type 
of article being made, all kinds of hollow 
glass-ware can be blown. In many cases the 
process of blowing may he simplified by the 
use of an iron mould made in two parts, with 
an opening at the top, so constructed that 
the blower oan open and close the mould by 
means of a lever operated by his foot. He 
blows a pear-shaped bulb which he holds 
vertically for a second or so until an elongated 
neck is formed; he then introduces the bulb 
into the open mould with the neck protruding 
through the hole in the top. The mould is 
then closed, and the bulb blown up until it 
fills the moidd. When 




(b) (oj 

Fia. 1. 


beaker or a tumbler, a 
successive stages ; (6) 


the glass has set, the 
mould is opened and 
the finished article is 
removed and cracked 
off the blowing-iron. 
Turing the blowing 
up in the mould the 
blower spins his blow- 
ing-iron, rotating the 
glass in contact with 
the mould, and hy 
this means prevents 
a mark from the 
joint in the mould 
being imprinted on 
the glass. Bottles, 
etc., not spun in this 
way always show a 
mould mark. 

Fiff. 1 (a) shows a 
diagram of a section 
through a mould for 
blowing a laboratory 
d (b) and (c) show the 
shows the tumbler as 


it leaves the mould. After annealing it is 


placed on a revolving disc, so arranged that 


a pointed flame plays on the glass (along the 
dotted line) as it revolves ; the glass is then 
removed from the flame and touched with a 
cold, pointed, steel rod at any spot on the 
ring heated hy the flame. If the glass has 
been well annealed, it will crack evenly along 
this hne, leaving the tumbler as in Fig. 1 (c). 
It is then placed on a revolving disc or clamped 
to a rod which can bo made to rotate hori- 
zontally, and the rim is heated until the glass 
softens and a smooth edge is produced by the 
surface tension. When the lip rec[uires flang- 
ing the heating is carried further and the edge 
turned over with a tool to the amount re- 
quired as the glass revolves. This operation 
introduces severe local strain round the rim 
of the glass, which has, in consequence, to ho 
re-annealed 

(ii.) TvJbe and Rod . — In the manufacture 
of tubing, the gatherer prepares a large mass 
of glass on his blowing-iron, the size (as a rule 
from 5 to 20 lbs.) depending on the diameter 
and thickness of wall required in the tube. 
The gathering is carefully marvered and re- 
heated in the glory hole. The blower then 
takes the hlowing-iron and allows the glass to 
elongate by holding the iron vertically and 
giving it a gentle swing. His assistant then 
holds the punty in a convenient position, and 
the blower, hy a dextrous movement, attaches 
the end of the gathering to the punty. The 
two men then move apart at a rate governed 
by the dimensions of the tube they are making. 
For small tubes it is necessary to run, hut for 
tubing of medium diameter a slow walk is 
usual. With heavy tubing which tends to 
sag excessively it is necessary to chill it during 
the drawing with an air-blast, or, more 
usually, by fanning it. Solid rod is made in 
precisely the same manner, except that the 
gatheiTUg is made with an iron rod instead of 
‘a tube. 

(iii.) Glass Wool . — By drawing out glass 
sufficiently quickly very fine fibres can be 
produced ; thus, glass wool is made by 
winding glass drawn from tho gathering on 
to a rapidly rotating drum. 

(iv.) jSJieet Glass . — A gathering of glass is 
made in the usual manner. Tho blower stands 
on a raised platform, so situated as to give 
him room to swing his iron vertically below 
him. He is usually provided with mechanical 
devices to assist the blowing operation, i.e. a 
flexible tube to enable him to use com])rosHC<l 
air for blowing, and arrangements to roliovo 
him of part of the weight of tho gathering. 
He is also conveniently near a glory liole, for 
reheating during the blowing. 

By means of specially shaped blocks and 
tools, the gatherer marvers a short, wido-boro 
cylinder having a thickened end, as in Fig. 2. 
By alternately heating tho end of tho cylinder 
and swinging it in a vertical piano, a cylinder, 
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about 4 ft. long or more, of reasonably uniform 
bore and thickness of wall, can be made. The 
end of the cylinder is then opened by bringing 
a small gathering of glass on 
the punty in contact with 
it ; the glass of the cylinder 
softens at the point of con- 
tact, and a small hole is cut 
out with the shears. The end 
is then reheated, and, by 
rotating the cylinder, the hole 
becomes enlarged by the 
h'lO. 2. centrifugal force until its dia- 
meter is the same as that of 
the cylinder. The cylinder is then laid on 
a 'wooden stand, detached from the blo'wing- 
iron and the ends cracked off, generally by 
passing a thread of hot glass round it and 
touching it with a cold iron tool. A longi- 
tudinal scratch is then made from end to end 
on the inaido surface, and a slight tap causes 
a crack to run down the side of the cylinder 
along the soratcli. It is conveyed to the 
flattening kiln and placed on a smooth slab ; 
the temperature is raised to the softening 
point of the glass, and the cylinder slowly opens 
out until it bcoonios approximately a plane 
sheet. The surface is rubbed 'svith a wooden 
hlook to aocuro a smooth surface and intimate 
contact with the slab on which the sheet rests, 
and the finished sheet is then passed down the 
annealing lehr which adjoins the flattening 
kiln. 

(v.) IHaie Class . — The manufacture of large 
sizes of tho best plate glass is an expensive 
and 'wasteful process. Economical methods 
of making small -sized plates have been 
developed, but for very largo sheets the 
casting and rolling process has not been 
supplanted, 

A largo mass of glass is poured on to an 
iron table; this is olfoctod either by ladling 
the glass from a tank or pot into tho casting 
p(jt in which it is carried to the table, or by 
removing the molting pot itself from the 
furnace. In either case tho operation is 
carriod out largely moohanioally. The glass 
is then rolled with nn iron roller running on 
rails at tho edges of the casting table, tho 
licight of those rails dotormining tho thickness 
of tho plate. Tho roller is propelled mechanic- 
ally, tho width of tho plate being controlled 
by guides which tho roller pushes in front of 
it as it progresses down tho tabic. After 
rolling, tho shoots are annealed, either in a 
coutinuouH lehr along 'which tho shoots travel 
slowly, or in a kiln which is heated to receive 
tho shoot and then allowed to cool down 
slowly, tho sheet taking several days to reach 
a temperature at which it can bo handled. 

For certain purposes (roofing, etc.) sheet 
made in this way is Bold 'without further 
treatment, but the surface is poor and the 




glass quite unfit for -the purposes for which 
the heat plate is required. 

The plates have then to he ground to a 
true surface and polished. For , this purpose 
they are clamped to a circular iron table, 
about 30 ft. in diameter, which is rotated, 
and the surface of the plate is rubbed down 
with iron slabs which are also rotated, ec- 
centrically to the table. (The plates are 
usually set in plaster of Paris to ensure that 
the under surface is in intimate contact •with 
the surface of the table.) The iron rubbers 
are fed -with abrasives of successively finer 
grades (starting "with coarse sand), until, 
finahy, a fine ground surface is produced in 
the glass. During this process a large amount 
of glass (up to 30 per cent) is ground away 
and lost. The sheet is then polished, the 
iron “ rubbers ” being replaced by wooden 
blocks covered with oloth or felt and fed "with 
rouge. If the previous grinding process has 
been carried out successfully, a brilliant 
surface is obtained with rouge in a short 
time — two hours or so. The sheet has then 
to be turned over and the whole process of 
grinding and polishing repeated on the other 
side. It is then washed and inspected, and 
out to the required sizes, in such a manner 
as to exclude any defects which may be 
present. 

Sheet known as figured rolled glass is made 
in large quantities. This is rolled in a some- 
what different manner, four rollers being used. 
Instead of moving rollers such as are used in 
the method described above, these rollers are 
mounted in pairs and rotate about stationary 
axes, the glass being drawn between the two 
rollers. The sheet is formed by the first two 
rollers, and, passing through the second pair, 
receives the imprint of a pattern which has been 
cut on one of these rollers. Boiled sheet with 
simple patterns on it, such as parallel lines, 
etc., is also made by cutting the surface of a 
casting table to tho desired pattern and rolling 
with a single roller as described above. The 
pattern is only pressed on one side, since the 
method adopted in cutting up the sheets, 
i.e. scratching with a diamond point and 
then breaking along the scratch, cannot he 
applied conveniently if the surface scratched 
is not plane. 

Where plate glass having a curved surface 
is required (such as that sometimes used in 
large shop windows), the plate is heated on 
a mould having the desired curvature ; the 
glass softens and takes the shape of the mould. 
Groat care is necessary to keep the surface 
clean and free from defects during this opera- 
tion, since any dust, etc,, settling on the 
surface gets burnt in when the glass softens 
in bending. It is generally necessary to 
repolish parts of the surface, by hand, after 
the bendiig process. 
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(vi.) Pressed Glass , — ^Many lands of cheap 
glass-ware, principally shallow vessels or 
solid objects, are made in presses, the glass 
being deposited in a mould and pressed into 
shape with a plunger. 

A number of different types of machines 
have been developed for this purpose, some 
being operated by hand and others being 
automatic. Some machines combine the 
operations of pressing and blowing. Machines 
of this description are in common use for 
the manufacture of such articles as jam jars, 
heavy wide-mouth bottles of all kinds, 
tumblers, etc. The glass is fed, either by hand 
or by an automatic feeding device, into the 
first mould, the “ parison ” mould, and a 
plunger presses the glass into a symmetrical 
shape, this part of the process corresponding 
to the marvering in a hand- blown article. 
The parison is considerably smaller than the 
finishing mould except at the neck, where 
the glass is pressed at once to the full finished 
size and chilled, thus affording a means of 
conveying the half -formed jar to the finishing 
mould The jar is taken from the parison 
mould and transferred (holding it by the 
chilled neck, the lower part of the jar being 
still plastic), either by hand or automatically, 
to the finishing mould, in which it is blown 
up to the fuU size. The finishing mould is 
then opened (it is generally made in two 
parts), and the jar is conveyed to the lehr. 

The tendency of modem practice is to 
develop automatic processes, to increase and 
standardise production, and to cut down 
labour expenses. Thus in an up-to-date 
bottle works the entire process, hatch-weigh- 
ing, mixing, conveying, and charging into 
the furnace, is automatic, as is also the blowing 
of the bottles and the conveying of the bottles 
to the annealing kilns (known as “ lehrs ”). 

There are many types of machines in use 
for the manufacture of hollow ware, bottles, 
jars, electric light bulbs, etc., some entirely 
automatic and others semi-automatic, Le, 
requiring the assistance of a “gatherer,” 
who gathers the glass from the furnace by 
means of an iron rod or tube and keeps the 
machine supplied. 

Of the fully automatic machines the Owens 
machine is perhaps the best known. This 
remarkable machine sucks the glass from the 
surface of a specially constructed tank into 
a mould (the parison mould), which it then 
withdraws from the tank, filled with glass, 
trimming off the glass adhering underneath 
the mould with a knife. The neck of the 
bottle is chilled and the parison mould opens, 
leaving the half -formed bottle hanging by 
the neck. The finishing mould then closes 
round the bottle, which is at the same time 
blown out to its full size. This mould then 
opens and the bottle is thrown out into a 


chute which conveys it to the lehr. Each 
mould is mounted on one of a number of 
rotating arms, and, by this means, gathers 
the glass as it passes the tank and discharges 
its bottle just before it completes one revolu- 
tion or later, according to the type of machine. 
In order to present a continually fresh sur- 
face of the glass to the machine the hearth 
of the tank is revolved. The glass in the 
revolving tank is maintained at the same 
level, being fed continuously from the molting 
tank. The output from these machines is 
enormous, one 15-arm machine making up 
to 1000 gross of small bottles per day.^ 

There are many machines which are fed 
with a flow device, the glass flowing from the 
tank through a heated clay trough into the 
parison moulds. The rate of flow can bo 
regulated by means oE clay stoppers in the 
trough. 

The manufacture of light articles, such as 
electric bulbs, is now extensively carried out 
automatically, the Westlake machine being 
perhaps the best known for this purpose. 
This machine gathers the glass, by means of a 
small cup, from a crucible into which the glass 
is ladled from the melting furnace. A 12- 
arm Westlake machine 'will produce up to 
100,000 bulbs per day.^ 

Processes are also in operation for the 
automatic manufacture of window-glass and 
glass - tubing. In the window - glass process 
the glass flows or is ladled from the molting 
tank into a trough or basin, and a suitable 
“ bait ” is lowered on to the surface of the 
glass. The glass adheres to the bait, wliich is 
then slowly raised, d^a^mg a sheet or tube 
(according to the shape of the bait) of glass 
from the trough. If the temperature is 
caref-uUy controlled and the correct rate of 
drawing maintained, the process is continuous, 
the glass being drawn, over rollers and throtigh 
the lehrs to the sorting-house. In the tube 
process, when the required length has boon 
drawn, the bait is raised quickly and the glass 
detached from the basin. The ends of the 
cylinder are then cracked off by passing a 
'wire round it, and it is then scratched longi- 
tudinally and opened out in a manner similar 
to the familiar hand process of making window- 
glass. 

Tank furnaces are now employed for niclt-iiig 
glasses which, a few years ago, were invariably 
melted in pot furnaces ; for exainjde, glans 
for electric - light bulbs, tumblers, chcini<uil 
ware, tubing, table-ware, opal glass ; and it is 
claimed that lead glasses have been sucreews- 
fully melted in tanks. 

The old rule-of-thumb methods arc gradually 
being displaced in favour of more sci(Mitilui 

^ Per a description of some of the principal kIuhs- 
making machines in use see Joum, Soc, (/lass Tech., 
1917, p. 203 ; 1918, p. 19 ; 1919, p. 182. 




G-LASS 


93 


control, and -wo fiad, for inatanco, pyrometers 
aacl polariscopos in common use. However, 
in spite of the rapid advance in the engineering 
aspect of glass toclinology, there will always 
bo a demand for the highly-skilled glass- 
blower for the manxofacture of artistic table- 
ware, cut glass, and so on. 

^ § (19) ANKJaALiNG. — ^The viscosity of glass 
rises very rapidly with a fall in temperature. 
It is estimated that up to, say, 650“ the viscosity 
is doubled for every <5° to 12® fall in tenijDoraturo. 

(i.) Formation oj Strain . — When a block 
of glass is c()(ding uniformly from all sides 
there will bo a temperature gnidieat from 
the outside to the inside which will depend 
on the thermal conduc'tivity of the glass and 
the rate of cooling. Since the thermal con- 
ductivity of glass is low, very largo tempera 
ture gradients are found if the heat bo removed 
rapidly from the surface. As long as the glass 
is mobile no strain will bo introduced. When, 
however, the viscosity of the outer layer 
hocemos sufficiontiy liigh to resist the com- 
pression duo to the shrinldng of the inner 
layers, ])ermanont strain may bo produced. 
Lot us «upi)o»o that when this viscosity is 
reached the outer layer is 600“. The centre 
of the block is then at, say, 650“. It is clear 
therefore that, if a is the moan linear coeftioient 
of expansion of the glass, the inside layers 
will tend to shrink approximately G50a per 
unit length when (ioolod to 0®, whereas the 
outer layer would only shrink (iOOa. When 
the whole block roaohm room temperature 
the inside must, therefore, be in a state of 
tension an<l the outside in oouiproHsion, the 
strain being r<,)ughly proj)ortdomil to r)0a per 
unit length, 50® being t.heclifiercnc to in tcinpora- 
turo botwoen the outside and th(j inside of 
the block at the time when the outside became 
har<l. Such a block would be coiisidorably 
strongc-T and the surface harder than if free 
from strain. 

Now let us (jonsider the caso of a plate of 
glass alhnvod to cool rai>idly from the upper 
Hxirfaoe. A tcni])CM*aiure gradient will bo sot 
up, the lower Hurfa<)(» being, stiy, 50® hotter than 
the upper, Tlui iipp^ir wurfac.o will sot hard 
at, say, (iOO® atid shrink tw it sots, and the lower, 
being still soft, will flow untler the comx)ros- 
sion due to th<^ shrinkage of the upper. 

There appears to be a discontinuity in the 
coefUei<mt of expansion whhdi imn’oascs by 
sh ormoro* times itsnonnal value over a small 
range of temporaturo (iorresponding to the 
“■ sotting ’* tonipcraturo. When the bottom 
of the blook roacdies (>()()“ and Ix^gins to set 
hard, tho uppe^r siirfac-o will have reached 550®. 
If tlie tomporaturo gradient has remain od 
constant no strain will Ix^i present in tho plate. 
At this point the whole plate lias booonie 
“sot,” and anyohangcoif tomperatnro gradient 
will eonso(piontly produce strain. As tho 


whole plate cools the temperature gradient 
will diminish and, finally, the whole blook 
will approximate to room temperature. The 
lower surface will then be in a state of tension 
and tho upper in compression. If the maxi- 
mum tension exceeds the tensile strength of 
tho glass, a crack will develop in the lower 
surface and the glass will break. 

(ii.) JPro'jperliea oj Strained Glass . — This 
plate will bo strong to an upward force tend- 
ing to produce concavity in the lower surface 
and weak to a downward force. Similarly, if 
scratched with a diamond on the bottom sur- 
face it will break easily, but not if scratched 
on the top. It is, therefore, desirable that 
glass required for general use should he as 
free from strain as possible, since the surfaces 
in tension are very vulnerable. However, 
for certain puri)ose8 some strain would he 
an advantage ; for example, in certain kinds 
of hollow ware which are not subjected to 
rough usage on the inside, or in the case of a 
lamp chimney which has to resist sudden 
heating from the inside, compression in the 
outer surface is desirable. 

Since glass-ware cooling quickly generally 
loses heat from tho outside, we usually jSbnd 
undor-annealod glass with its oxtemal surfaces 
in comx^ression. Thus, when glass tubing, 
which is seldom annealed after manufaoturo, 
is cut into standard lengths, arrangements 
are made, by moans of a diamond suitably 
mounted on a rod, for scratching the inside 
of tho tube, which then breaks easily along tho 
scratch. This cracking off would present 
some difficulty in tubing of largo bore if it 
wore well annealed; in fact, it would be 
necessary to heat tho glass to produce 
temporary strain. 

(iii.) Process oj Annealing . — In the process 
of annealing there are two critical tompora- 
turos. Tho lower critical tomporaturo (COO® 
in tho cases cited above) may conveniently 
bo defined as tho tomporaturo at which the 
glass iti just deformed at an appreciable rate 
under a stress equal to its tensile strength 
when cold. The upper ciitioal temperature 
may bo defined as the tomporaturo at which 
95 per cent of tlio stress in tho glass disappears 
in throe minutes.^ Those definitions are, of 
course, purely arbitrary. 

The magnittido of tho stresses in the glass 
will depend on tho temperature gradient in 
tho glass os it passes tho lower critical tempera- 
ture. 

All glass-ware, with a few exceptions, is 
annealed after manufacture, generally by 
I)assing it through tunnel Idlns (lehrs) which 
are heated at one end. The temperature 
gradient of those lehrs is so arranged that 
the glass, when j)as8ing through, is heated to 

^ J’or jiiothodH of dotorminliiK tho critical tompora- 
turoB SCO Jcwni. Soc, Class (Peck. i. 61 and ii. 90. 
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its upper critical temperature and cooled 
sloTvly do\m to normal temperatures. For 
the success of the annealing operation it is, 
of course, essential that the rate of cooling 
be slow between the upper and lower critical 
temperatures, particularly in the neighbour- 
hood of the lower. The rate permissible 
varies, of course, with the thickness of the 
ware and the degree of freedom from strain 
required. 

Below the lower ciitical temperature the 
rate of cooling is immaterial, provided always 
that the temperature gradient is not sufficient 
to cause cracking of the ware. 

The annealing temperatures vary largely 
with the composition of the glass. In the 
case of lead glasses the upper temperature 
is about 450® C. and the lower about 300° 0. ; 
with soda-lime glasses the upper temperature | 
lies between 500° 0. and 600® 0. with a 
lower temperature between 320° C. and 340° C. 

^ Some hard resistance glasses require to be 
annealed at 630° C. to 640° C. and have a 
lower temperature of about 350° C. 

The rate of cooling permissible depends on 
the thickness of the glass. Near the upper 
critical temperature the rate of cooling may 
be fairly rapid, but it must be diminished 
while passing the lower critical temperature. 
With a lead glass, a vessel with a thickness 
of wall, say J in., can he cooled through its 
critical range at a rate of 60° per hour, whereas 
an electric - light bulb can be completely 
annealed and cooled to room temperature in 
3 minutes. A soda-lime glass J in. thick 
can be cooled through its critical range at 
about 15° per hour, and a complex resistance 
glass of that thickness would require cooling at 
less than 10° per hour ; in fact, it is extremely 
difficult to obtain thick samples of the latter 
glass entirely free from strain, even in the 
laboratory. 

In badly annealed articles it is quite usual 
to find tensile stresses of lOOO lbs. per sq. in. 
and often considerably greater. 

(iv.) Detection of JStmin , — Strain may con- 
veniently be detected by means of a polaii- 
scope, since glass is doubly refracting when 
strained. When viewed through a quarter- 
wave plate between crossed Nicols a slight 
strain in a glass article may readily be located 
and the degree of strain estimated.^ 

§ (20) BEVirETiTOATiON. — ^The term devitri- 
fication denotes the formation of an appreci- 
able quantity of a crystalline phase in the 
glass. The condition which favours devitri- 
fication in a glass is supersaturation with 
respect to one of its constituents or compounds 
at a temperature at which the viscosity is 
sufficiently low to permit of rapid crystal 
growth. The tendency of a glass to devitrify 

^ “ Annealing of Glass,’* Joum, Franklin Inst. 
ITos. 6 and 6, cxc. 


is infiuenced by factors which arc as yet 
imperfectly understood. There is evidence 
that gases dissolved in the glass exert a marked 
influence in this respect ; certain glasses, 
made with raw materials which have been 
carefully dried before use do not devitrify 
when worked in the blow - pipe, whereas 
similar glasses made from a batch not specially 
dried devitrify readily. 

Certain constituents appear to inhibit 
crystal growth, whereas others appear to act 
as catalysts in accelerating it. Of the former, 
alumina is a notable case ; boric acid, in 
certain cases, is also effective. Of the latter 
class, sulphur trioxide, chlorine, and fluorine 
are examples. 

Of the crystalline phases which arc formed, 
silica, in the form of tridymite, is the most 
common. In glasses rich in lime, calcium 
silicate (CaOSiOa) is formed, and, in barium 
glasses, crystals of barium-disilicate (Ba02Si0a) 
are deposited. Tridymite generally separates 
out from lead glasses, hut in dense lead flints 
lead silicate is formed. These crystals may 
easily be distinguished by their refractive 
indices : 

Tridymite . . . !• 469-1*473 

BaO(Si02)a. . . 1*698-1*617 

CaOSiOg . . . 1*621-1*633 

Glasses containing soda are, in general, more 
liable to devitrification than similar glasses 
containing an equivalent amount of potash. 

For the prevention of devitrification in any 
particular glass the factors controlling the 
crystal growth must be considered. For 

example, in the case of a soda- lime glass rich 
in calcium we may expect the glass to become 
supersaturated with respect to calcium silicate. 
The addition of alkali to this glass will increase 
the devitrification owing to the increased 
fluidity of the glass at any given temperature, 
hut the addition of silica will increase the 
viscosity and diminish the devitrifiiuition. 
In the case of a glass rich in silica, say over 
73 per cent, the dangerous crystalline phase 
will be tridymite. The addition of liino to 
this glass will inhibit devitrification for the 
reasons given above. The addition of alumina 
to most glasses prevents devitrification. Tlio 
formation of crystals is frequently obseiwod 
on the surfaco of glasses which show no ovi(lc‘no(> 
of crystal growth in the centre of the ghuss. 
In some cases this may be due to the volatilisa- 
tion of alkali from the surface, giving rise to a 
thin surface film supersaturated with rcsi) 0 (it 
to silica. Glasses containing no appreciably 
volatile constituents show scums, however; 
for example, a glass containing only daO, 
MgO, and SiOg gives a scum of cTystallino 
(MgO)2SiO. 

Many glasses, when heated in tho blowpipe, 
show a ring, of faintly opalescent appearance 
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a short distance from the point where the 
flame impinges on the glass. This phenomenon 
is known as “bloom,” It has been shown ^ 
to be due to the reaction of sulphur compounds 
in the gas with the alkali in the glass. The 
reaction is at first superficial only and the 
NaaSO,j formed can bo wiped off. If the glass 
is subjected to prolonged heating, a permanent 
opalesoonco is produced and can only be re- 
moved by melting tho glass in tho blowpipe, 
when tho product of tho reaction is dissolved. 

VI. Physical PaopEiiTiias 

§ (21). — Tho moasuremont of tho iJhysical 
and mechanical properties of glass, as may bo 
expected from the nature of tho material, is 
a matter of some difliculty. The classic re- 
searches of Winkolmann and Schott j^ointod 
the way to the further study of glass, but it is 
only in recent years that serious attempts have 
been made to cover tho ground. 

In tho first j)laco, tho properties vary very 
considerably with tho composition of the glass, 
and it is difticult to obtain specimens with 
the desired degree of uniformity. Again, tho 
presence of strain exerts a marked influence. 
Wo have a further difficulty in that methods of 
measurement applicable to gltiss at ordinary 
temperatures, when for most purposes one may 
regard it as a solid, have to bo abandoned at 
higher temperatures in favour of those suitable 
for dealing with liquids. Wo have therefore 
a gap in our knowledge of tho properties in the 
neighbourhood of tho softening point, where, at 
any rate from the point of view of the manu- 
facturer and those who have to manipulate 
glass at high temporaturoH, exact data is most 
noodod. 

In this range there is ovklonoo of a discon- 
tinuity in the properties (see **0<)ollioiont of 
Kxj)anHion,” jj (27)). J I eating and cooling 
curves show that all glawsoH give an endi^thormic 
reaction on heating and an exothermic re- 
action on cooling. To detoot tins it is nooos- 
siiry to use a sensitive difforontial thermo- 
couple, the evolution and absorption of heat 
being extremely small. This })honoinonon 
occurs at a point when tho glass acquires a 
particular viscosity, and is coincident with tho 
discontinuity in the coefficient of o.x])ansi<)n of 
tho glass.'** 

An (ixplanatiou of those phenomena is 
Buggostod by tho work of Griffith,® which 
appears to indicate that, near tho annealing 
range, tho atoms or groups of atoms which 
above that temperature are arranged at 

* Travers, Joum. Ohm Tfoh. v. Cl. 

* This affords u convouhuib mothod for tho deter- 
mination of the ui)i)(T critl(ial annealing tompcratiiro 
of an opaque nhiss, S(M‘ Sclontille Pupors of Bureau 
of Htaiidunls, J^o. aw, “ < lom-.orning Annoallnp; mid 
OhanicteristlcH of (Hush,** T’(iol and Valasok. 

* '‘The Pheiioniona of Itupturc nnd Flow In 
Solids,” Hoy, Sqq, Phil, Trans, A, cc.xxl. 1(53. 


random rapidly form nuclei possessing a 
definite orientation. These nuclei or chains of 
molecules are formed slowly at room tempera- 
ture. 

It is suggested that this arrangement of 
atoms causes local strain which may produce 
surface flaws. This theory assumes that the 
attraction between tho moloculos is a function 
of tho orientation, since the grouping, to form 
a crack, must cause a decrease in tho potential 
energy of tho system to counterbalance the 
surface energy of tho crack, 

Experiments on glass fibres show that a 
fibre, drawn rapidly from a bead at a high 
temperature (ie. chilled quickly through the 
annealing range) has an abnormal strength — 
10 ® lbs. per sq. in. — of the same order as the 
“intrinsic pressure,” calculated from tho 
energy required for volatilisation. 

After a short time, a few hours, this strength 
decreases, reaching a stable value which 
de])onds on tlie diameter of tho fibre. This 
fall in strength is accompanied by a change in 
dimensions. With fibres in, tho stable state, 
strengths have boon obtained from 50,000 lbs 
per sq. in. in a fibre •0027'" diameter to 490,000 
lbs. per sq. in. in a fibre •OOCV' diameter. By 
extrapolation, for a fibre of zero diameter — i.e. 
of molecular dimensions — we obtain a figure of 
about 10® lbs. per sq. in. 

Those strong fibres are only obtained if the 
glass be drawn hot. If drawn out too cold wo 
have a skin of chilled glass formed surrounding 
a fluid ooro ; further extension will cause 
fracture of tliis skin, giving rise to surface 
flaws. 

Tho slow dooroaso of tensile strength at room 
tomporaturos, ascribed to molecular rearrange- 
inont with tlie attendant surface flaws, explains 
the spontaneous craoldng of glass articles which 
sometimes occurs long after they have boon 
nnwlo. 

Winkolmann and f^chott attempted to corre- 
late tlie idiysioal properties with tho ohomioal 
composition and, assuming additive relations, 
to assign factors to tho constituents by moans 
of which tho phyweial constants of any glass 
could bo predicted. Tho factors obtained 
wore not by any means satisfactory for 
quantitative work, but, in general, wo have 
boon able to discover fn)m thorn tho compara- 
tive offoots of the constituent oxides on the 
properties.* 

§ (22) Density. — Tho density of glass is 
appruximatidy an additive function of the com- 
position, and can bo expressed in tho form of 
100/S ^{p/a), whore S is the density of tho glass, 
p the i)oroontago of a constituent in tho glass, 
and a is a constant for that constituent. The 
values of a are not identical with the densities 

* Uofcrcnice HhouUl to made to the Bumraw of 
tholr work by Hovestadt in Ills book Jma Oflaas^ 
translated by Bvorett. 
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of the oxides ; according to Winkelmariin and 
Schott a being always grea^ter. Winkelmann 
and Schott assigned the following yalues for a : 


B 203 

. 1*9 

AI 2 O 3 

. 4*1 

SiOa . . . 

. 2-3 

Afl2^3 * • 

. 4 1 

NagO . . . 

. 2*6 

ZuO . . . 

. 6*9 

KgO . . . 

. 2*8 

IBaO . . . 

. 7-0 

CaO ... 

. 3*3 

PbO . . . 

. 9-6 

MgO . . . 

. 3*8 




The results obtained with these constants 
giye yalues correct to within about 3 per cent 
of the obseryed densities for most glasses. 
More recent work has shown that the figure 
assigned to MgO is too high. Assuming a 
value of 2*3 for SiOg, Turner obtained a factor 
of 2-9 for ^NTagO and 2*9 for MgO. Tillotson 
has also calculated factors which give good 
results ; SiOg 2*3, CaO 4-1, HgO 4*0, LigO 3-7, 
AlgOa 2-75. 

The presence of strain in glass may cause a 
variation in the density of one in the second 
decimal place. 

Optical glasses range from 2*3, a light crown, 
to 5*9, a dense flint. ^ 

Common bottle glass . . 2 *46-2 *47 

Plato glass .... 2*49 
Heavy flint table-ware . . 3*5 


The alkalis and RO group give a low dis- 
persion relative to (and have a high j^), lead 
oxide gives a high dispersion. 

Boric oxide lengthens the red end of the 
spectrum relative to the blue. Fluorine, 
sodium, and potassium lengthen the blue end. 
Barium, while giving a high gives a low dis- 
persion, and by its use we can obtain glasses 
with a high v value relative to their refractive 
indices. This property is of great service t(^ 
the optician. 

The presence of strain lowers the re- 
fractive index. The greater tlie density 
of the glass the greater the variation in 
refractive index due to strain. It is there- 
fore necessary that optical glasses bo an- 
nealed with the greatest care. In the best 
glasses, the retardation duo to double refrac- 
tion should not exceed one- sixteenth of a 
w-ave-length. 

Below are given the optical constants of 
a few t 5 T)ical optical glasses. The figures 
given in the last column (taken from Messrs. 
Chance’s list of optical glasses) show the 
wave - length at which the transmission is 
reduced to 60 per cent through a plate 1 cm. 
thick. 


Type. 


\-ny. 

V. 

C-D- 

L-F. 

F- 0 '. 

Density. 

Wavc-Uingtli 
for 50 per <'('iit 
aDH. 

Fluor, crown . 

1*4785 

•00682 

70*2 

•00202 

•00480 

*00363 

2-47 

•301/4 

Boro- Silicate 
orown ) 

Barium crown 

1*5126 

■00818 

62*7 

*00243 

*00577 

•00458 

2-52 

1*5881 

•00962 

6 M 

•00284 

•00678 

*00644 

3-31 

•358/4 

Silicate crown 

1*5204 

•00869 

69*9 

*00265 

*00614 

•00492 

2-03 


Zinc crown . 

1*5149 

•00890 

67*9 

*00265 

*00626 

*00506 

2-02 

•323/-4 

Baryta flint . 

1*5615 

*01067 

51*7 

*00310 

*00767 

*00620 

2-99 

■323/4 

Light flint. . 

1*6632 

*01312 

42*9 

•00375 

■00937 

•00781 

3-07 

, . 

Dense flint 

1-6182 

•01697 

36*4 

•00484 

•01213 

•01031 

3-00 

•337/4 

Heaviest flint 

1*9044 

•04174 

21*7 

•• 

•03023 

*02726 

5-02 


§(23) OPTiOAi PROPBETIES. — JTor optical 
purposes the refractive index for light of wave- 
lengths ‘flSBSyU, *5893/4-, *4862/4, and *4341/4, 
the C, D, F, G' lines, is determined, and it is 
usual to specify the refractive index for the D 
line and the partial dispersions. The ratio of 
(tIj, - 1) to the “ mean dispersion ” is also gener- 
ally stated. This quantity (^^p- 
is known as v. 

For most glasses the refractive index in- 
creases with the density and mean dispersion, 
while the value of v decreases. Glasses having 
a high V are generally designated crown glasses 
and those with a low v dint glasses, the dividing 
line being a v value of 55. 

^ Winkoliuann and Schott, Larsen, Amer. Joum. 
fiei., 1909, xxvilL 236; Tillotson, Journ. Ind. JSng. 
Cfiem., 1912, iv. 246 ; Journ. Amer. Cer. Sog., 1918, i. 
70 ; Turner and English, Joum. Soc. Glass Tech., Iv. 
126 and 163. 


§(24) STRENaxn. — The strength of ghiss 
varies very considerably with the composition 
and degree of annealing. The difficulty of 
handling so brittle a substance when testing 
has led to very divergent results from dilf(>r<siit 
observers. 

The tensile strength probably vari(^.s 
between 2^ and 10 tons per sq. in. Ondc^r 
certain conditions glass fibres have boon pre- 
pared — 00013^ in diameter — having a tensilo 
strength exceeding 214 tons per sq. in.** 

Crushing strength, 10 to 15 tons per 
inch. 

Winkelmann and Schott placed the oxid(*H in 
the following order, as regards their inihi('nc<5 
on the glass in tension: CaO, ZnO, SiOji, 
R 2 ^ 6 ? ^ 2 ^ 3 ^ BaO, AljjO,.), AsgOjj, T^bO, Nuj^O, 
KgO, MgO; in compression, S,Oj.,lWgO,,, 

ZnO, PbO, BaO, K^O, in ci(»S(‘cti(i- 

* Gtiiffitli, Phil Trmis, k, coxxi. 
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ing order of strength. (The positions of CaO 
and MgO are doubtful.) 

§ (25) Haedkess. — Tho hardness of annealed 
glass on Mohs' scale varies between quartz and 
fluorspar. Various attempts have been made 
to assign factors to the constituent by means 
of which absolute hardness may be calculated, 
but they have met with little success. 

All glasses will scratch any other glass. 
Auerbach attempted, by measuring tho size of 
the scratehoa, to arrange glasses in order of 
their scratching powers and their resistance to 
scratching. It was found that the order 
obtained by an estimation of their scratching 
powers was not by any means identical with 
their resistance to scratching. 

The hardness of a glass surface depends very 
largely on the heat treatment it has received, 
surfaces in compression being considerably 
harder than those in tension (sco “ Annealing,” 
§ (19)). It is claimed that by extremely rapid 
chilling it is possible to obtain a glass which 
cannot bo scratched by a diamond. 

Various processes have boon patented for 
hardening sheet glass by chilling tho surface. 
Rapid chilling can bo obtained by pressing tho 
hot glass shoot between copper plates. Glass 
so treated is said to withstand eight times tho 
shock which would fracture a similar sheet if 
annealed. Tho success of such a process 
depends on the uniformity with which the 
chilling is effected. 

§ (2(J) Klasticity. (i.) Young's Modulm, 
— "Young’s Modulus varies from 4-9 to 6-9 
dynes per sq. cm. for flint glass and from 6-9 
to 7*8 for crown glasses. 

Clarke and Tumor have calculated factors 
for various oxides which satisfy tho equation 
E (Young’s Modulus) p being tho por- 

contago of tho oxido in the glass and z a con- 
stant. This formula gives good results for 
soda-lime glasses. 


Oxl(l«. 

Valtio of X 

(glvliifi; K III lc((. portq.om.). 

SH\ . . 

. . . 40 

. . 

. , . 110 

(AlA) • . 

. , . 120 

(FcjOa) . . 

. . . 120 

OaO . 

. . . 240 

(MgO) . . 

. 300 


Tho values for tho oxides in brackets require 
further verification. 


§ (27) COEEFfCIENT OF EXPANSION. — The 
linear coefficient of expansion varies from 
3-3x10"® to 14x10"®, that of fused silica 
being 0*4 x 10"®. 


Tyi)lciU Cjljiasca. 


Linear 


Heat - resisting glass (cook- 


ing ware, etc.) 

3-3 

Jena 59'" . . . . 

5-7 

Jena 1C'" . . . . 

7-8 

English laboratorj^ ware 

7-4 

Eliiit glass 

7to8 

Soda-Umo glass 

. 7-5 to 9*5 and over. 

Turner and English have suggested factors 

for tho calculation of i 

the coefficients of ex- 

pansion by tho formula 

a =2^32 X 10"^, p being 

tho i^ercentagc of any 
constant assigned to it. 

constituent and z n 

Oxide. 

Vahio of Z, 

SiOa . . . 

. . 0-05 

NaaO . 

. . 4-32 

OaO 

. . 1-03 

MgO . . . 

. . 0-46 


It will bo soon that the cooflicient of expan- 
sion is sensitive to a small change in the alkali 
content of the glass ; an increase of 1 per cent 
in the alkali may cause an increase of 5 per cent 
in the expansion. 

The expansion is affected considerably by 
tho presence of strain in the glass. Values 
obtained from strained glass may be 6 per cent 
higher than those from the same glass after' 
annealing. 

The coefficient of expansion rises steadily 
with tho temperature, a linear relation holding 
over a small range of temperature. With aU 
glasses, hov'over, there is a discontinuity in 
the expansion near tho annealing tenaperature 
of tho glaas, the coefficient increasing by six 
or oven more times its normal value. This 
abnormality only persists over a short range 
of temperature, the coefficient of expansion 
falling at higher temperatures.^ 

§ (28) SrEOiFio Heat. — Tho spcoifio heat of 
glass at normal temperature may bo calculated 
to within 1 per cent from tho spcoifio heats 
of the constituent oxides, tho specific heat 
c=:l/1002)PO', P being the percentage of 
tho constituent and C' its specific boat, 
Winlcohnann assigns tho following values 
of O'; 


(ii.) Rigidity [Torsion Modulus ), — 

Hint gloss . . 2'0-2*6 x 10*^ (dynes per aq. cm.) 

Crown glass . 2’0-3-2 x 19'^ (dynes por sq, cm.) 

(iii.) Volume Maslicity [Bulk Modulus ). — 
Hint glass. . 3-0-3*8 x 10'^ (dynes pet sq. cm.) 
Crown gloss . 4‘0-5-0 x (dynes per sq. om.) 


RiOa . 

, -1013 

BaO . 

. -00728 

B 0 O 3 . 

. -2272 

NajO . 

. -2674 

ZnO . 

. -1248 

Kfi . 

. -1800 

PbO . 

. -05118 

Li^O . 

. -5497 

MgO . 

. -2439 

C^aO . 

. -1903 

Al^Oa . 

. -2074 

. 

. -1002 

AS 2 OQ • 

. -1276 

Mn 20 ® . 

. -1001 


The thermal capacity per unit volume shows 


(iv.) Poisson's Ratio . — 

0-21-a'28. 


‘ “ MeasuTPinent of Thermal Dilation at High Tem- 
peratures,” Peters and Oragoo, Bureau of Standards 
Seientlflo Papers, -No. 398. 


VOL. TV 


H 
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only an approximate approach to constancy^ 
varying from about 4-7 to S-1. 

Load flint, specific heat . . . *14 
Soda limo, specific heat . . . *19 

The specific heat rises with the temperature.’- 

Glasses have a specific heat only slightly 
higher in the amorphous state than in the 
crystalline (devitrified), with the exception of 
glasses rich in alkali, where the difference is 
considerable. 

§ (29) rHERMAr4 CON-DXTOTIVITY. 0015- 

*0025 C.G.S. units. These figures may he 
taken as approximate for room temperature. 

§ (30) Electrical CoimuoTnnTY and 
Speotfio Inductive Capacity. — The conduct- 
ivity of glass depends largely on the alkali 
content of the glass. Gl^sos rich in soda 
have a high conductivity. The substitution 
of potash for soda reduces the conductivity. 

Ambronn ^ states that the* conductivity can 
be expressed in the form L=Loe~^^^, and j3 
being constants, L the conductivity, d the 
absolute temperature. Lq can be expressed as 
a linear function of the soda and lime in the 
glass. 


Type of Olaes. 

Specific ResiatanceXlOi®. 

Teiia|eTOture, 

Soda lime . 

531*06 

65 


89*16 

72 


11*901 

93 


1*874 

116 


0*202 

149 


Specific Inductive Otp. 



6*26 

11 * 


5-79 

129 


Spoclfio Roaiatonco. 


Soda lead . 

216 13 

73 


144*64 

83' 


20*82 

104 


4*93 

120 


1*89 

140 


Sroulfle Inductive Cap. 



7*36 

19 


8*44 

130 


Spoclfio RealstaTice. 


Potaish load. 

1328*6 

142 


specific Inductive Cap. 



6*76 

18 


According to Gray and Dobbie,® annealing 
reduces the conductivity of glass hy many 
times its value in the unannealed state. 


§ (31) Thermal Enduranoe. — Winkel- 
mann and Schott adopted the formula 



T being the resistance to a sudden change 
of temperature, 

P = tensile strength, 
a = coefficient of expansion, 

E= Young’s Modulus, 

K = thermal conductivity, 

S = density, 

0= specific heat. 

Values calculated hy this- formula are more 
or less in accordance with experimental results. 

Since the coefficient of expansion changes 
more rapidly with composition than do the 
other physical constants, the thermal endur- 
ance is therefore largely governed hy the value 
of a. Glasses rich in alkali are therefore the 
most liable to break with changes of tempera- 
ture. Glass being considerably stronger in 
compression than in tension, it follows that 
it will be more resistant to sudden, uniform 
heating than to sudden cooling. Glasses 
which will not withstand a rapid fall of 50® 
without cracking can be heated rapidly to 
several hundreds of degrees without risk. 
It is probable that the condition of the surface 
of the glass plays an important part in the 
thermal endurance. 

Tests of the thermal endurance of hollow 
glass-ware may be carried out as follows : 
A beaker or flask of the glass under tost is 
filled with wax and heated to a degree or so 
above the temperature of testing. It is then 
allowed to cool, keeping the wax well stirred, 
until the required temperature is reached, 
when it is plunged into icod water. This 
operation is repeated at succossivoly higher 
temperatures until the beaker cracks. Tliis 
test can usually be made to repeat to within 
15® 0. 

Good beakers should stand 150® 0. without 
cracking under this tost. Laboratory ware 
containing striae arc found not to bo inferior 
to those froo from cords, although the former 
must be in a stato of considerable strain. 

^ § (32) Surface Tension. — The surface ten- 
sion of glass * has been measured by Oriflfith 
at temperatures up to HOD® 0. and a value 
at 15° C. obtained by extrapolation.® 


Tomponituro, ®0, Surface TonHlon In lb 

IlOO . . , . 

. *00230 

906 ... . 

. *00239 

801 ... . 

. *00257 

746 ... . 

. *00251 

16 (extrapolated) . 

. *0031 


^ White, Amer. Journ, Sd. xxviii. 334. 

* Ambronn, Phys. Zeitsch, 1013-14, 112 ; 1918-19, 
401. 

« Gray and Dobble, Proo. Hoy. Soc., 1898, Ixiii. 
88; 1900, Ixvii. 197. 


* The filafls used had tlm followinf? (^onipoHitlon : 
SiOj, 09-2 per cent; KjO, 12 per cent; NaaO, 
0*9 per cent; AhOj, 11-8 per cent; C!a(), 4*5 per 
cent; MnO, 0*9 per cent. 

® Grilfith., Phil. Prtins. Pay, Soc, A, ccxxi. 
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§ (33) Viscosity. —The viscosity of glass 
falls rapidly with a rise in temperature. 
There are great experimental difS.culties 
associated with the measurement of viscosity 
at high temperatures, and there is but little 
data on the absolute viscosity of glass at present 
available. Practical glass-makers have, how- 
ever, collected information as to the general 
effect of certain constituents on the melting 
temperature and rate of sotting, ie. the 
temperature coefficient of viscosity. Thus, 
the addition of silica decreases the tempera- 
ture coefiGicient, Le. glasses rich in silica have 
a long working range, whereas the addition 
of lime increases the temperature coefficient. 
Alumina and baryta are also said to impart 
a high temperature coojfflcient to glass. 

The viscosity of glass at the “ fining ” 
temperature is of the order of fiO (absolute 
units). At the gathering temperature the 
viscosity is from 1500 to 3500, depending on 
the size of the ware manufactured and the 
method of blowing. With automatic blowing 
devices the glass is gathered at a much lower 
viscosity. The viscosity at the annealing 
temperature is 10^®- 10^^. 

The measurement of viscosity has been 
used for the dotormination of the annealing 
temperature, the method adopted being the 
observation of the rate of twisting of a glass 
rod under a known torque.^ 

VII. COLOTJRBD A.TSD OPAL GlASSHS 

§ (34). — Coloured glasses may bo divided 
into two groups, according as the colouring 
agent is (i.) apparently in true solution in the 
glass or (ii.) suspended in a fine state of 
division resembling a co]loi<lal solution. As 
in tho case of aciuoous solutions, there is no 
sharp lino of demarcation botwoon the two 
groups. 

Coloured glasses in tho category (i.) are 
produced by tho oxides of iron, titanium, 
manganoso, cobalt, nickel, chromium, copper, 
etc., and in tho second group (ii.) by tho 
elements carbon, copper, gold, and solonium, 
etc. Tho opal glasses nnay bo considered as 
coming under the heading (ii.). 

(i.). — Tho colours produced by tho various 
ojddes vary somewhat with tho composition 
of the glass and the conditions of molting 
(ie, oxidising or reducing). In tho case of tho 
green glasses, tho .soda glasses tend to a bluish- 
green and tho potash to a yellovirish-greon. 

(u) Iron.— In tho divalent state iron im- 
parts a bluish -green colour, in tho tri valent 

‘ Littleton and Itobcrts, Journ. Opt of Amer, 
iv. 4 ; Troutoii and AndrewH, Proa. Ph\i(t, Soc. Land, 
xix. 47. 

h’or data on tlio vlHcoslty of uloss and sliijatfl sco 
Arndt, Zdt filr UlMroohmie, J W1, p, 672 ; Chem, 
Apj)amtcnknnd(!, 11)03, 3 ; Kkhl, TTmis, Par, 

Soc 1017-1918, xiil.; -Washburn, PJm, JRuv., Feb. 
192(), XV. 2. 


condition a greenish-yellow is produced. Tho 
colour from the divalent iron is much more 
intense than that from the trivalent, and 
hence oxidising conditions of melting arc 
conducive to freedom from colour. 

(6) Titanium oxide in combination with iron 
is used for the production of amber glass ; 
very beautiful shades of amber may bo 
obtained. 

(c) Manganese. — Manganous compounds 
have very little colouring action on glass, 
giving a faintly groon colour in small con- 
centrations and a brown colour in largo. When 
oxidised, colours ranging from pink to purple 
arc produced. In small quantities manganic 
compounds noutraliso tho blue -green colour 
due to iron and are, accordingly, frequently 
used for this purpose, where oxidising con- 
ditions prevail. Used in larger quantities 
with iron, amber glasses are produced. 
Manganese is used extensively in combination 
with other oxides where a purple tint is 
required. 

(d) Nickel . — The colouring effects of nickel 
are very variable ; in fact, it has been claimed 
that with this oxide alone all tho colours in 
tho spectrum can be produced, with suit- 
able modifications of tho batch mixture 
and firing conditions. Nickel is little used, 
therefore, commercially, although it is some- 
times used with considerable success as a 
decoloriser to neutralise tho effects of ferric 
iron. 

(e) Cobalt yields intense blue glasses. 
O'Ol per cent of tho oxido is suffioiont to 
produce a pale blue and 0*1 per cent a medium 
blue glass. The action of cobalt is similar 
in reducing and in oxidising conditions, and it 
is used almost exclusively for tho production 
of blue glasses. Cobalt glasses, however, 
transmit an appreciable proportion of ro(l 
rays. Tho addition of a small ciuantity of 
chromium outs out tho rod rays (1 part of Or 
to 10 Co). 

(J) Chromium produces in’lenso green 
glasses, but the ct)louring effect is not so 
strong as in tho case of cobalt. !lt is used 
extensively in the industry, since the chromium 
colours are little affected by molting conditions. 
Chromium is gonorally introduced in the form 
of potassium bichromate. 

(g) Copper. — Divalent copper gives tints 
varying botwoon blue and green. Under re- 
ducing conditions ruby glass otm bo obtained 
(see below). 

(h) Iridium imparts a neutral grey tint. 
In large quantities a black glass can bo 
obtained. 

(i) Godmmm^ in tho form of tho suljdu'do, 
produces a rich yellow glass. 

(J) Uranium also gives a yellow glass, 
characterised by a marked fluoroflccnco in any 
but lead glasses. 
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(k) Antimony may produce yellow glasses 
■when used with lead batches. 

(ii). — ^In the second group of colonriug 
agents copper, gold, and selenium are used 
commercially for the production of ruby glass. 
The manufacturing process presents some 
technical difficulty. 

(а) The copper ruby is the cheapest to make, 
but the process req^uires great care, and 
freqLuently inferior colours are produced. It is 
necessary that the copper be reduced to the 
metallic state, and the presence of a reducing 
agent is necessary. Partial oxidation imparts 
a muddy green colour to the glass. The 
copper is usually introduced into the batch in 
the form of the oxide. When the glass is fine 
the copper is apparently in complete solution, 
and proofs taken from the pot and chilled 
q^uiokly may be colourless. The glass ia then 
gathered and blown to the req[uired shape. 
The article is then reheated and the ruby 
colour comes up (the glass being said to 
“ strike ”). With the copper ruby the colour 
is so intense that it is necessary to use the 
ruby glass in thin sheets only, the articles 
required being “ flashed ” with ruby (i.e. 
made from colourless glass and covered with 
a thin coating of ruby; this is effected by 
gathering the glass for blowing the article 
from a pot containing “ w'hite ” glass and 
then, before blowing, dipping the gather in 
the ruby glass ; by this means glass-ware can 
be made with an extremely thin coating of 
ruby glass). When the glass is reheated the 
particles begin to aggregate, and when the 
glass “ strikes ” they have attained a suffi- 
cient size to produce scattering of the light. If 
the ruby glass is heated further the colour 
will change to purple, and from purple to blue 
as the particles increase in size. Pinally, if 
heated for a sufficient time at a suitable 
temperature, the particles become visible 
and the well-known copper aventurine glass 
ia produced. To obtain a good ruby the degree 
of dispersion of the metahio copper lies within 
fairly narrow limits. 

(б) The gold ruby is made in the same 
manner, but the glass is much easier to handle, 
since there is not the same tendency to oxida- 
tion as in the case of the copper ruby, and it is 
possible to work with small concentrations 
of gold. It is therefore not necessary to 
“ flash ” gold ruby. The gold is usually 
introduced in the form of gold chloride. 

The presence of tin oxide greatly facilitates 
the striking of the ruby and is almost invari- 
ably used in the industry with the copper 
ruby, and generally with the gold ruby. 

(c) Selenium in the metallic state is also 
used for the production of ruby glass. In 
smaU. quantities selenium is used as a 
“ decbloriaer ” under conditions suflSoiently 
reducing to ensure that the selenium remains 


in the metallic state. It is used for this 
purpose in tank furnaces. The oxide of 
selenium exerts no colouring action. 

(d) Carbon, in suspension in glass, gives 
colours rangiug from yeUow to amber. 

(e) Many special glasses have been made 
for the transmission and absorption of light 
of particular wave-length. Thus there are 
at present on the market a large variety of 
glasses similar to Crookes’ glasses, the principal 
constituent of which is cerium oxide, which 
transmit nearly all the light in the visible 
spectrum, but are particularly opaque to 
ultra-violet light and cut down the infra-rod 
light considerably. The absorption of those 
glasses for ultra - violet light is said to be 
improved by exposure to a strong source of 
ultra-violet. Similarly, nickel glasses are 
made which are opaque to visible radiation 
but are highly transparent to ultra -violot 
light. 

(/) The colour of glass is modified by 
the prolonged action of sunlight and ultra- 
violet light. Glasses containing manganese 
rapidly develop a purple colour on exposure 
to intense ultra - violet light. This colour 
disappears if the glass is heated to its softening 
point, but reappears again if exposed further 
to ultra-violet light. Soda -lime glass tends 
to develop a blue colour, nickel and selenium 
a yellow. 

{g) A rise in temperature displaces the 
absorption in coloured glasses towards the 
red end of the spectrum. 

§ (35) Opal Glasses. — Opal glasses are 
made under conditions somewhat similar 
to the manufacture of ruby glass, the opal- 
escence being due to the presence of small 
particles in suspension. Some of the opals, 
however, are regarded as being omulsoids 
rather than suspensoids, the disperse phase 
being a glass insoluble at low temperatures. 

{i.) Fluoride Opals . — The most common 
opacifying agent is fluorine. This may bo 
introduced as fluorspar (CaFo), sodium fluoride 
(NaP), or cryolite (3NaP, AIF3). In practice 
the presence of alumina serves to facilitate 
the production of the fluoride opals, although 
these can bo made without alumina. The 
most usual ingredients in an opal batch are a 
mixture of fluorspar and felspar or cryolite 
alone, or a mixture of the three. Up to 
20 per cent of cryolite may be used in an 
opal batch. The character of the opal varies 
somewhat with the form in which the fluorine 
is introduced. Thus, the NaF opal is faintly 
opalescent over a long range, whereas the 
cryolite opal strikes rapidly. By a careful 
control of the quantity of fluorine present 
opals can be made to remain clear when 
cooled quickly and to strike when rohoatecl. 
Various ornamental eflects are thus intro- 
duced into artistic ware by judicious local 
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heating. The composition of the suspended 
particles is not yet known w'ith certainty. 

(ii.) Phosphates, — Good opal glasses are 
also made with calcium phosphate (bone ash) 
as the opacifying agent. These opals strike at 
a higher temperature than the fluoride opals ; 
they require a higher temperature to melt, 
and are not so easy to manipulate. They have 
the advantage, however, that they do not 
tend to “ boil ” readily if overheated, as do 
the fluoride opals, which evolve fluorine copi- 
ously if the temperature bo allowed to exceed 
1300° C. 

(iii.). — There are other materials sometimes 
used in the manufacture of opals. Arsenic 
yields a good opal, and oxide of tin is used, 
especially in the enamelling industry. 

The opal glasses are usually fragile and 
break easily if exposed to a rapid change of 
temperature, If reheated for any length 
of time, or worked in the blow - pipe, the 
suspended particles grow, especially if the 
concentration of the opacifying agent in the 
glass is high, and tho glass has the appearance 
of devitrification, the surface losing its gloss. 
If examined microscopically it is seen that 
the particles consist of globules of a glass 
having, as can ho dotennined by manipulation 
in tbo blow -pipe, approximately tho same 
softening point as tho matrix. 

Opalescent effects are often found as tho 
result of incipient devitrification, tho crystal- 
lisation of silica sometimes producing this 
effeot. 
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VUI. MlSOBLLANElOXrS AND ORNAMENTAL 
Glasses 

§ (36) Cut Glass. — Cut glass is in common 
use for many purposes — stable- ware, massive 
glass-ware, etc. This industry is larger than 
is generally supposed. Tho preparation of 
out glass-ware is a laborious operation requir- 
ing considerable skill. The first step is the 
preparation of the “ blank,*’ which may either 


be pressed or blown, generally the latter. 
The patte^^n to be cut is then painted on the 
blank ; these patterns are often very com- 
plicated Sometimes a transfer is used for 
this purposo. The ware is then taken to the 
grinding shop and ground on a coarse stone 
or an iron wheel fed with sand. After the 
coarse grinding the glass is finished on a finer 
grade of emery or carborundum wheel, and 
finally polished on a wooden wheel fed with 
putty powder (tin oxide). In the case of 
heavy articles this work is very laborious, 
a heavily out piece taking some weeks to 
complete. 

After the fine grinding the polishing is 
sometimes effected by “ acid polishing,” 
thereby avoiding the use of the wooden wheel 
and putty powder. In this process the ware 
is dipped into a solution containing hydro- 
ftuoric acid. If tho composition of the solution 
is properly controlled a beautiful finish is pro- 
duced on the glass — ^with a great saving of 
time and labour. 

§ (37) Engraving. — ^This form of decora- 
tion is frequently applied to “ flashed ” glass, 
but is also employed for colourless glass, 
l^he engraving is carried out by means of a 
small soft iron or copper disc, usually revolv- 
ing at a high speed, fed with fine emery or 
oarhorundum powder. In the hands of a 
highly skilled engraver very beautiful and 
delicate effects may be produced. 

§ (38) iToniNG AN3D Embossino. — Most 
glass-ware may ho etched by means of a 
solution of hydrofluoric acid or sodium 
fluoride. A weak solution of hydrofluoric 
acid loaves a polished surface ; strong hydro- 
fluoric and sodium fluoride give matt surfaces, 
tho latter reagent yielding a finer grained 
surface than tho former. 

In the etching process the glass is first 
coated with Brunswick black or wax, leaving 
tho parts to bo etched uncovered. This is 
effected either by moans of a. transfer or by 
coating tho whole surface with wax and 
cutting away tho part to bo etched. For 
small designs a pantograph is sometimes used 
for this purposo. Tho glass is then immersed 
in tho etching solution and afterwards washed. 
The wax may then be washed off with hot 
soap and water, tho Brunswick black being 
removed by washing with turpentine or a 
solution of caustic soda. 

Tho solvent action of a weak solution of 
hydrofluoric acid affords an excellent method 
for cleaning glass surfaces. Glass rinsed 
with a weak solution is cleaned almost 
instantaneously without an appreciable loss 
in weight. 

§ (30) Sand-blasting. — This is the cheapest 
method for prei^aring a ground-glass pattern 
on glass surfaces. It is commonly used for 
labelling bottles, etc. A stream of sharp- 
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grained sand is blown against the glass by- 
means of a steam- or air-blast, and a ground 
surface is rapidly produced on tkose parts 
not protected. Tlie glass to be sand-blasted 
is covered with a stencil plate cut, from 
metal foil or parchmeut, to the desired 
pattern. For elaborate patterns dextrine, 
applied by means of a stencil, is sometimes 
used as a protection, 

§ (40) Frosted Glass. — So-called frosted 
glass is made by coating the surface of glass, 
■which has previously been sand-blasted, with 
glue, which, on drying, contracts and chips 
oS flakes of glass, producing the appearance 
of a frosted window-pane. 

§ (41) Beads. — Small glass beads are usually 
made from thick- walled tubing. Short lengths 
are out from the tubing and these are heated 
in a revolving drum until the edges are 
rounded off. To prevent the heads frona 
adhering to each other and the holes through 
thorn closing up, they are kneaded with clay 
or talc before heating. They are subsequently 
polished by being shaken with bran. Glass 
marbles are made in a similar way, using 
rod instead of tubing. 

Opaque glass for making beads is sometimes 
obtained by stirring the glass rapidly before 
drawing the tube. By this means a large 
number of small bubbles are introduced into 
the glass, which somewhat resembles mother- 
of-pearl. 

Larger beads and imitation pearls are made 
by blowing small bulbs from tubing. Coloured 
pigments are then introduced inside the bulbs. 
In the manufacture of imitation pearls 
“essence of pearl” is used. This is made 
from scales of fish ground to an impalpable 
powder. The silver and coloured balls 
(associated with Christmas trees) are made by 
silvering the inside of the bulbs and then 
painting the outside with a transparent 
enamel. 

§ (42) DRiLLiura aitd Slioing.— G lass may 
be drilled by means of a sand - blast. For 
finer work, a hard steel drill, lubricated with 
turpentine, or a copper or brass tube, fed 
with carborundum or emery, may he used. 

Blocks of glass may be cut rapidly by means 
of a diamond circular saw — a soft iron or mild 
steel disc armed with diamond dust, 

§ (43) Beinfoeced Glass. — Various pro- 
cesses have been employed for strengthening 
sheet glass. Of these, the most common is 
the use of wire - netting embedded in the 
glass. The wire, -which is pre - heated, is 
rolled into the glass during the manufacture 
of the sheet. 

Another process now in operation consists 
in cementing together thin glass sheets by 
means of a thin layer of celluloid. A com- 
posite sheet made in this way will not splinter 
when broken. 


§ (44) Fused Silica. — For the properties 
and uses of fused silica, or quartz glass, see 
article on “ Refractories.” B. A. o.-P. 
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Chemical Decomposition of,” § (2). 

GLASS, CHEMICAL DECOMPOSITION OF 

§ (1) Devttrifioation and Colour Changes. 
(i.) Atmospheric Agents . — All glass is to a 
greater or less degree subject to change after 
manufacture. Those changes may arise from 
chemical transformations occurring in the 
body of the glass itself, or may bo produced 
by agencies outside gi-ving rise to modifications 
of the surface of the glass; in both cases 
the glass is considerably altered, and where 
the transparency is of prime importance the 
glass may he rendered quite unsorviceablo. 

The chief change arising in the body of the 
glass itself is known as devitrification, and 
is caused by tho crystallisation of various 
metallic silicates, or more rarely silica, giving 
rise to definite crystalline aggregatv’^s, or in 
extreme cases a micro -crystal line structure 
affecting tho whole mass of glass and render- 
ing it opaque. Those phenomena arc usually 
noticed in batches of glass wl)i(‘.h have boon 
allowed to remain for prolonged ])criods at 
too low a temperature during molting, or on 
reheating for tho i)urposes of working or 
annealing ; during any of which ()i)orati()n8 
the range of tomporaturo for the formation 
of the various silicates has boon maintained 
for prolonged periods, thus favouring their 
crystallisation and separation. Bccont re- 
searches made on the cooling of molten 
silicate mixtures and tho thermal elTocts 
observed during the process have enabled some 
of these critical ranges to bo avoided, with tho 
result that do-vitrification has become a loss 
serious problem. Various impurities a])pear 
to induce devitrification, while the favourable 
influence of others in preventing the trouble 
{e.g. alumina) have been known for a long 
time. 
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Glass also undergoes certain chermcal 
changes from within duo to other causes than 
those of devitrification. 

In the manufactnro of glass of the highest 
quality for optical purposes, or for use where 
the maximum transparency and lack of colour 
is of prime importance, the greatest care has 
to he taken to ensure that all the materials 
used are of the highest degree of purity. 
For example, it has been found that the 
presence of chlorides or sulphate in the alkali 
used in the manufacture of potash load glass 
is capable of producing cloudy glass unless 
certain precautions are observed during the 
process of manufacture. By employing a 
high temperature, or by the addition of borax 
to the molt, the trouble may be obviated. 
It is, however, not impossible to obtain alkali 
which is practically free from those impurities, 
and this course is to bo preferred. 

Another impurity which is impossible to 
remove entirely, and which when present in 
any but the most minute proportions (0*03 
per cent) produces a distinct coloration, is 
oxide of iron. The coloration can bo destroyed 
by the addition of peroxide of manganese. 
The addition, however, froq_uontly causes a 
secondary change to supervene, giving rise to 
the formation of a pink colour. Several 
explanations have boon given of the pheno- 
menon. The fii-st action of the oxide of 
manganoso is to oxidise the iron, producing a 
nearly colourless ferric silicate, which under 
the influence of sunlight, or the ultra-violet 
rays, is capable of again becoming deoxidised, 
giving rise to a higher and coloured oxide of 
manganoso. It has also boon supposed that 
the colour is duo to the formation of alkaline 
permanganates. The strong pink colour aris- 
ing from this change is commonly noticed in 
old window glass. In the manufacture of the 
best optical glasses little or no manganoso is 
added, but every precaution is taken to ensure 
that all the materials are as free from iron as 
possible. Glass which has become coloured 
by manganese in this way is rendered oolour- 
loss on again remolting. The x)ro8onco of 
some base which is capable of forming a 
higher and lower oxido seoins necessary before 
the influence of manganoso makes itself felt. 

(ii.) Action of Water . — In addition to the 
changes arising in the ma.ss of the glass 
itself, there are others wliich are caused 
by outside agencies and affect its surface, 
resulting in the production of tarnish, or 
actual disintegration of the glass material. 
The most important substancio which is 
capable of producing those changes in glass 
is undoubtedly water, and in some cases its 
action has been so pronounced that othorwiso 
useful optical glasses have had to bo dis- 
carded, or to bo enclosed between layers of 
more durable glass to make them suitable 


for employing in optical instruments. In the 
case of glass used for optical purposes it is 
found that moisture is actually absorbed 
from the atmosphere, due to the hygroscopic 
nature of the glass ; the water is capable of 
causing solution of the glass with a simul- 
taneous liberation of alkali, which on com- 
bination with the carbon dioxide of the air 
produces a layer of alkaline carbonates. It 
has been observed^ that glasses containing 
potash, lime, and silica are very much more 
hygroscopic, and therefore more susceptible to 
attack by this moans, than are the corre- 
sponding soda glasses. The presence of 
increasing amounts of lime decreases this 
disparity to a groat degree. Glasses contain- 
ing oxide of load are on the other hand far 
loss hygroscopic than either, and are therefore 
not so liable to decomposition by this means. 

The changes produced by water on glass are 
more pronounced as the opportunity for 
contact is groator, and in consequence glass 
exposed to water is attacked more rapidly 
than when moist air only is in question. 
Biso , of temperature, particularly if accom- 
l)anied by rise of pressure, as in the case of 
water-gauge glasses, considerably increases 
the rate of the attack. Glasses containing boric 
acid, alumina, or zinc, with soda as alkali, 
have proved to bo particularly resistant to 
the attack by water at all temperatures, and 
are, moreover, capable of withstanding pro- 
longed contact with water at high temperatures 
and i>rossuros, without undergoing marked 
deterioration, or becoming obscured by the 
liberation of opaque insoluble basic silicates, 
as in the case of the lime alkali glasses. The 
two well-known Jena glasses 16'“" and 69'" 
are of this typo. Another change affecting 
oi>tical glass in which water undoubtedly 
plays a i)art, but at the same time is not the 
solo cause of tho is what is 

generally alluded to as “ filming.’* It is 
found that tho interior lenses, prisms, and 
other glass parts of optical instninicnts occa- 
sionally boconio veiled, causing a diminution 
of tho light transmitted, and in extreme cases 
almost complete opacity. The exact cause, 
or causes, has not boon clearly elucidated, 
but whatever they may bo, there appears 
little doubt that tho glass has sulfored some 
chemical decomposition, 

When filmed” glass is examined under 
low magnifications, at least two distinct types 
of films are noticed; in[tho one, distinct globules 
may bo distinguished, while in the ether tho 
glass is obscured by a bloom which under 
higher magnifications is also soon to bo globu- 
lar. Tho “ film ” is frequently noticed to 
be grouped round minute scratches or un- 
evennesses ; on tho other hand it may very 

* Foeratori JieridhU der DeuUch Ohm. Qee.t ISfiS, 
xxvi. 2920. 
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markedly avoid them. On exposure to air 
the film does not spontaneously evaporate, 
but does so on heating, leaving a residue and 
usually a tarnish of the glass surface, -with 
or without actual pitting. It has been 
proved that the lubricants used in the lens 
threads, and the varnishes or blacking com- 
pounds used on the interiors of the cells or 
chambers, play some part in the process, and 
that such compounds which give off volatile 
constituents at ordinary or slightly elevated 
temperatures are unsuitable for use in optical 
iastruments. Absolute cleanliness in the 
poHslung and subsequent treatment of the 
lens, together with drying of the air in the 
chambers before sealing up, and the use of 
suitable lubricants, appear to prevent filming 
to a great degree. The treatment of the lens 
with hot water after polishing is also claimed 
to act as a palliative, but with aU these 
;^recautions the prevention of filming cannot 
yet be said to be certam, and more research 
is required. One ttung, however, seems 
conclusively proved, namely, that water plays 
a large part in the process.^ Atmospheric 
dust is also capable of causing the de- 
composition of the polished surfaces of glass 
lenses. The degree of attack depends in 
the case of glasses free from lead on the 
amount of alkali present. When this is 
below 10 per cent it is found on mioroscopio 
examination that each dust particle has 
become a centre of decomposition, while in 
the case of glasses richer in alkali the whole 
surface may undergo a homogeneous de- 
compositiou with the liberation of alkaline 
salts, forming deliquescent globules in the 
case of potash glasses, and a dry dusty deposit 
in the oase of soda glass. In glasses contain- 
ing more than 20 per cent alkali ‘the doi^osit 
becomes visible to the naked eye. 

Lead glasses containing more than 20 per 
cent oxide of lead exhibit what are known as 
lead spots ; these on microscopic examination 
are seen to originate from dust particles, each 
of which forms the centre of a mass of minute 
brown or blackish scales. They are pre- 
sumably lead mirrors produced by the re- 
ducing action of the dust on the solution 
of the glass formed by traces of moisture. ^ 

§ (2) Decomposition oa-itsed by Chbm:ioax4 
Reagents. — It will be seen from what has 
been said above of the various factors affecting 
the stability of glass, that it becomes necessary 
to subject that intended for optical or other 
scientific purposes to test before use in order 
to prove whether it is suitable for the purposes 
for which it is intended. 

The optical glasses offer particular diffi- 
culties, since it is by the variation of the 

^ Ryland, Trans, Optical Socitty, 1918, xix. 178; 
Martin and Griffiths, Trans, Optical Society, 1919, 
XX* 135* 

* Zschimmer, ChemQ:er Ze^ng^ 1901, xxv. 69. 


chemical constituents that the special oJ^ti(^al 
features are obtained ; consequently tlio de- 
termination of what changes are permissible 
without seriously affecting the chemical 
stability becomes a matter of pifimo im- 
portance. Wliere the optical constants or 
slight colour can bo ignored there is more 
scope for variation, and it becomes possible 
to make glasses which are more resistant to 
atmospheric agents, and at tho same timo to 
manufacture those possessing in a high degree 
resistance to tho more violent attack of 
chemical reagents. 

Before passing on to the testing of glass- 
ware, it will be advisable to consider briofly 
the influence of tho various constituents of 
the glass on tho resistance to attack by 
chemicfil reagents. 

(i. ) A ction of W ater and JStmm , — In addition 
to ordinary atmospheric moisture, glass for 
many purposes has to withstand tho action 
of hot and cold water, and also stoam, some- 
times under high pressures. 

The attack proceeds in a similar manner as 
in the case of atmospheric moisture, but at 
a greater rapidity. Glasses containing boric 
acid with either zinc or alumina, and soda as 
the alkali, have, as mentioned above, proved 
to be by far the best glasses. When glassoB 
containing these elements are oxaminod it is 
found that some wliioh may bo sui)orior at 
low temperatures (20® C.) may not bo so good 
as others (at, say, 80° C.), while at still higlu^r 
temporaturoB tho 8Ui)oriority may bo assumed 
by another glass. For ordinary chemical 
ware tho most useful i)roi'>ortion of borics arid 
appears to be 9-10 molecules to 190 SiO^, while 
for gauge glasses a slightly groator ])rc>portiou 
is advisable. Tlio lime alkali glasses are vi^ry 
much inferior, tho degroo of atbaede dtHpiMiti- 
ing largely on tho ratio of .imo to alkali ; tlio 
richer tho glass is in alkali tho loss the de- 
gree of resistance. Glasses containing mon^ 
than 20 per cent alkali cannot bo regarded 
as suitable for use with water under any 
circumstances. Tho proportion of lime has 
a marked effect in increasing tho resistant 
powers, and more particularly if the soda is 
partly replaced by potash, as in tho glass 
used by Stas in his classic researches, in whicdi 
case the glass compares favourably with the 
boric glasses. 

Lead glasses are intermodiate in position 
between tho boro - silic^ato and lime alkali 
glasses, tho resistant power increasing with 
the load content. 

(ia.) Action of A Sulphuric, niiri<% and 
hydrochloric acids when concentrated have 
very little action on most good glasses of th<^ 
lime soda or lead typos, but when tho 
are weaker tho action becomes slightly more 
pronounced, and increases on further dilut-ioii. 
This observation has led to the opinion that 
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the attack proceeds from the contained water 
rather than from the acid itself, and is less 
than in the case of pure water under similar 
circumstances, owing chiefly to the neutralisa- 
tion of the liberated alkali by the acid. The 
alkali would normally in the case of the action 
by water be instrumental in further increasing 
the attack.^ The boric acid glasses are not 
so resistant to hydrochloric as to sulphuric 
acid, and more recent work than Foerster’s 
has tended to emphasise the importance and 
sigmficance of the attack by acids, more 
particularly hydrochloric. It has boon shown 
that fuming hydrochloric acid has a very 
pronounced action on zinc and lime boro- 
silicatos, and that high boric acid content 
tends to promote this attack.® On the other 
hand, glasses containing lime and alumina 
with soda, and some potash, are much more 
resistant. A high silica content (70-72 
per cent) appears to confer great resistant 
properties. 

The conclusion arrived at by Foorster, 
that in the case of dilute acids the action 
appears to bo duo to the contained water, 
rather than to the acid itself, is confirmed by 
recent work. The reason why hydrochloric 
acid should be so much more active than 
other acids is somewhat obscure. 

Load crystal glass (33 per cent oxide of 
lead) is very slightly attacked by acids and 
its resistant power is increased on prolonged 
contact. The very rich load glasses are rather 
severely attacked. The rate of inoroaso of 
attack with rise of temperature is not so 
pronounced in the case of acids as with 
water. 

(lii.) Action of Caustic Alkalies , — The action 
of water on glass njsults in the production of 
an alkaline solution; wo should therefore 
expect that there is no clear line of demar- 
cation between the results obtaincsl with water 
and sohitions of the caustic alkalies. In the 
case of dilute solutions this is the case, and 
the boro-silicates again occu])y the premier 
position as regards resisting i)ower. If, 
however, the boric acid is greater than fl-7 
per cent the resistance climinislu^s and becomes 
more pronounced with inc^roasing concentra- 
tion of alkali. 

The lime alkali glasses are attacked by 
dilute alkalies with the formation of basic 
lime silicates which a])pear as opaque layers 
on the glass, while the solution is found to 
contain silica and some lime. When the 
concentration of the alkali increases and 
exceeds 2N the glass is dissolved as a whole 
and very little tarnish occurs. The effect of 
rise in temperature is very marked in tho case 
of tho caustic alkalies, more particularly above 

* Foerfltor, ZaiUch, nnnL 1804, xxxiii. 200. 

■ Cauwood English and Turner, Journal Society 
cf Glass Technology, 1017, p. 189. 


80° C. Soda is the most violent in its attack 
of all the caustic alkalies. Ammonia also has 
a slight action on glass, but its action has not 
been so systematically studied ; in general, 
however, glasses which are most resistant to 
attack by caustic soda arc also found to 
exhibit the same order when ammonia is 
substituted. 

(iv.) Action of Alkaline Carbonates . — The 
attack by alkaline carbonates proceeds in a 
similar manner as with tho caustic alkalies, but 
in the case of the lime alkali glasses, varieties 
containing alumina are far more resistant than 
those which do not contain it. In fact, the 
alumina -free lime alkali glasses arc more 
strongly attacked by sodium carbonate than 
by sodium hydroxide of equivalent strength, 
which is not tho case with any others. In 
explanation of this it has been suggested that 
as alumina is soluble in caustic soda, but 
not in sodium carbonate, this is sufficient 
to account for tho difference in behaviour. 
There appear to bo other factors which modify 
the results, the nature of which is not exactly 
known. 

Solutions of salts also have a slight solvent 
action on glass, but the degree of attack is 
in no caso comparable to that observed with 
tho reagents considered above. 

When tho chief factors affecting tho stability 
of glass which is required to withstand the 
attack of chemical reagents are considered, it 
will be found that the introduction of one 
element may, while conferring stability as 
regards ono mode of attack, be conducive to 
more accelerated attack by a different reagent 
It therefore becomes a matter of some diffi- 
culty to indicate tho ideal glass for all purj)ORCS, 
but novortholoBB, as a rc^sult of exhaustive 
toRts, certain definite concluflions have been 
reached. lioric acid, for oxamj)lo, besides 
conferring on a glass great powers of resistance 
to tho influence of water, at tho same time 
confers very valuable moc-hanical properties, 
Rue.h as power to withstand sudden changes 
of temperature, which ih of great service in 
all glass articles. It will thort^foro bo found 
that, in spite of certain minor disadvantages, 
nearly all glass required to be used for chemical 
purposes contains a certain pro])ortion of 
boric acid. The influence of a liigh silica 
percentage in conferring acid-resisting powers, 
and of alumina in restraining tho attack by 
sodium carbonate, have also boon alluded to. 
It will thus bo soon that sufficient information 
is available for selecting the most suitable 
typo of glass for use with any single chemical 
reagent, and considerable progress has boon 
made in the manufacture of glasses which 
successfully withstand the attack by most 
chemical reagents to a very high degree. 

§ (3) Testiko of Glass', (i.) Optical Glass. 
— Glass intended for optical puiposos must, in 
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addition to possessing the properties necessary 
for the construction of the best optical in- 
struments, be capable of retaining its polish, 
and transparency under ordinary conditions 
of use. As has been pointed out above, the 
chief agent in promoting the changes in optical 
glass is atmospheric moisture, and all tests 
which are in use for testing optical glasses 
have been devised to measure directly, or 
indirectly, the degree of attack. 

In the early experiments powdered glass 
was heated in water and the amount of alkali 
and total solid material dissolved was de- 
termined. This method is not an ideal one, 
owing to the fact that it is impossible to 
ensure uniformity in the degree of fineness 
of the various samples of glass. As a result 
of these experiments, however, it was found 
that the less stable glasses gave up a greater 
amount of alkali and total soHd matter, and 
that the ratio of alkali to silica in the dis- 
solved glass material was invariably higher 
than in the original glass. Mylius and 
Foerster,^ who were the first to investigate 
this question systematically, were led to 
conclude that a determination of the alkali 
removed would give a measure of the relative 
stability of glasses. They were therefore led 
to investigate methods for the detection of 
minute quantities of alkali. As a result they 
developed the use of a reagent which is now 
invariably employed for the purpose of 
classifying optical glasses. 

lodeosin (tetra iodo fluoresoein), the reagent 
in question, is a red soHd which is soluble in 
aqueous ether, but insoluble in water. The 
aqueous ether solution when shaken up with 
a solution of an alkali produces a solution of 
the salt of iodeosin which is soluble in water, 
giving rise to an intense red colour. The 
alkali may be determined either by comparing 
the solution with one containing a definite 
quantity of the alkaline salt of iodeosin, or 
by titration with N/lOO or N/IOOO acid. In 
the latter case the acid is added to the solution, 
which must also contain an excess of an 
aqueous ether solution of reagent, and the 
two layers shaken together until the water 
solution is rendered colourless. The extreme 
sensitiveness of this reaction has enabled the 
test to be applied to quite small areas of glass, 
and there is no longer any necessity to use 
powdered glass for the purpose. 

The method as finally developed for the 
testing of optical glass will now be briefly 
described, but for a more detailed description 
the original ^ papers should be consulted. 

^ Mylius and Toerster, Berichte der Deutsch. CTiem, 
Oes.t 1889, xxii. 1092; ^eitschrifi filr Instn^mmteri- 
kuTide, 1889, ix. 117; aji±Zeib3(dtnftJilir 1 
kunde, 1891, xi. 311. 

* MyUus, SUihat Zeitsch., 1913, 1, 2, 26, 46, 
contains latest working details; Mylius, Zeitsch. 
fUr InstrumentenJsunde, 1889, ix. 60; Mylius and 
Foerster, Berichte der Beuiseh. Chem. Qes., 1891, xxiv. 


For the purpose of tlio lest, polirtlicvl sami)lt!s of 
optical glass measuring 6 x 10 :< 0-8 cm. nro used. 
These are very carefully cleaned and then ))roken 
into two portions by making a fine file mark parallel 
to the longest side and placing a red-hot rod along 
the cut, followed by a damp piece of filter paper. 
Any glass dust is removed from the fractured sur- 
face by means of a clean brush, and the Bi)eciinens 
are now placed in a closed vessel containing water 
and arranged that the fractured surfaces of the 
glass are supported in a horizontal position on a 
platform above the water. The glass vossel and its 
contents is now maintained at a constant temperature 
of 18° 0. for one wook. The glass surfaces are 
attacked by the moist air to a greater or lesser dogre-o 
with liberation of alkali, and in the case of very poor 
glasses it is somotimos found that the surface becomes 
covered with visible spots of alkaline salts. The 
specimens of glass are now removed with a clean pair 
of forceps, and hold broken edge downwards in a bath 
of the iodeosin reagent for one minute. Tho iodeosin 
reagent is usually prepared from the sodium salt, in 
which form it occurs in commerce. It is somotimos 
found to be adulterated with other salts and dyes, 
and care should ho taken that only tho purest samples 
are used. A woighod quantity of tho salt (0-53 gm.) 
is dissolved in 30 o.o. distilled water and treated witli 
16 0 . 0 . (Kr/I)H 8 S 04 in a separating funnel. Tho acid 
liberates the free dye in the form of orange- rod 
scales. One litre of aqueous ether of the highest 
purity saturated with watt‘r at 18° C. is now added, 
and tho lower colourless acid layer separated. TJio 
remaining acid is removed by shaking with throe or 
four successive quantities of 30 o.o. distilled water, 
or until the lower aqueous layer bcoonu's coloured a 
strong pink. Tho reagent is now poured into n 
bottle of resistant glass togctlior witli l/lOth of its 
volume of a 1 per cent solution of tho sodium salt 
and a few fnigraonts of broken glass. I'he bottle 
should bo completely lillod and should bc’i kept in 
a cool dark place. Tho reagent gnidiially heoernes 
acid, hut owing to tho prc‘sonco of tbo stKlium salt, 
neutrality is restored by double decomposition. 
Tho alkali set fnM» by tlie action of tlio moist air 
on the glass combines with the' iodeosin, producing 
tho corresponding salt, which, being insolubles in the 
aqueous other, is left as a ])ink deposit on tho ghisH. 
To remove tho excess of iodt'osin th(‘ glass is rapidly 
rinsed in another bath of anhydrous othor, Aft(*r 
drying, the sides of tho glass slabs are clenUHod, leaving 
the broken surface untouched. The next proec'HS is 
to determine tho actual amount of allcali liberal ('<1 

The glass is washed in 3 c.o. of wat(‘r (^oiibiining 
0-1 gm. anhydrous sodium oar])oiintc jjor litres nncl 
tho solution transferred to a sinall porcelain vesstd 
of about 10 c.o. capacity divided into two ccpial 
chambers by a watertight porcelain partition. The 
dish is rinsed with a further 2 o.o. of wat(T,antl this 
is added to tho first wash water. To tho 
chamber is next added 6 o.c. water, and from a piix'tte 
graduated to 1/100 o.o. a solution of HfKlium i(KleoHin 
containing 0'01063 gm. per litre, each cubic centi- 
metre of which contains O-Ol mgm. frtie iodc'osin, 
until tho colours of tho two solutions are similar, 

1482; Mylius, Zeit, morg, C/iem., 1007, Iv. 233, also 
1010, Ixvil 200. 

For a useful rdsumd of work by Mylius an<l Knerst<*r 
see Jena Glass, Hovestadt, Eng. Trans, by Bvonstfc 
(Macmillan). 
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The area of the fractured surface is now calculated 
and the amount of iodeosin which would combine 
with tlio alkali set free from 1 sq. metre determined. 

The following classification has been adopted 
to express the results of the tests : 


Class. 

Mgm. of Iodeosin 

per sq. metre. 

Hi 

0- 5 

H. 

6-10 

H 3 

10-20 

H. 

20-40 

H 5 

40-80 


Glasses in the first three classes are considered 
to withstand the action of the atmosphere 
and not to suffer tarnish, wliilo those in classes 
4 and 5 should not bo used in exjiosod positions. 
At the present time this is the only method 
capable of quantitative treatment, and is 
tliereforo exclusively used for comparing and 
classifying optical glasses. Other methods in 
which the skill and judgment of the experi- 
menter are the sole criterion are occasionally 
used. One of those devised by Weber consists 
in eximsing pieces of glass to the action of 
hydrochloric acid fumes for twenty-four hours 
and then removing to the air. The loss stable 
glasses will be found to become coated with 
a rime of alkaline chlorides, and from the 
appearance it is ])ossiblo to make some form of 
classification. The method requires a groat 
amount of experience and skill. 

Another method duo to Zschimmer, which 
has boon recently modified by subsequent 
workers, seems likely to be of service in 
predicting the susceptibility of glasses to 
“ filming.” ^ The polished slabs of glass, 
together with polished slabs of transx)arent 
silica, arc })lacod in a glass tube in a thermostat 
and heated to 80*^ G. A current of pure moist 
air is passed through, and after some time the 
heat is withdrawn, thus allowing the tube to 
cool; it is found on removing the large tube 
that some glasses are more bedewed than 
others, while the silicja plates are usually dry. 
The rate of disappearance of the dew is 
observed by placing tlu^ sami)les in separate 
closed tubes, and on drying they are again 
carefully examined. In this test the good 
glasses are very little (dianged, while those 
which the iodeosin tost has sliown to bo poor 
are frequently found to bo a(!tually pitted. 
Suj)orheatod steam has also boon used, but 
the results obtained require to be viewed with 
caution. 

(ii.) The. Testing of Chemical and other Class- 
ware. — This i)roblom has been the subject 
of very numerous rosoarches since the time 
of Scheolo and Lavoisier, but owing to the 
fact that it is only in recent times that 
highly resistant glass has boon manufactured, 

‘ Klsdon Uoberts and Jones, Journal Society of 
Glass Tech7ioloffy, lUlO, ill. D2. 


the early researches become merely of historic 
importance. The later workers have un- 
fortunately not adopted a uniform method of 
test, and it becomes a matter of some difficulty 
to correlate the numerical data obtained. 
The conclusions, however, are on the whole 
fairly unanimous, and are summarised in a 
])receding section. 

Mylius and Foerster, who wore the first to 
study systematically the modem types of 
glass, wore inclined to attach too great im- 
portance to the attack by water, and to 
consider the differences obtained with other 
reagents as of minor significance. Later in- 
vestigations have taken more comprehensive 
views, and as a result a great improvement 
has been made in the manufacture of resistant 
glasses. 

The action of water at ordinary tempera- 
tures, e.g. 20 *^ 0 ., also at higher temperatures, 
80° 0 ., and also boiling water and steam, both 
under atmospheric and high prossure, is usually 
determined. 

The last method has recently come very 
much into vogue. For many glasses the tost is 
a useful one, while for others the conditions are 
Ijorhaps too severe, and the conclusions drawn 
may conceivably lead to erroneous results. 

The action of acids, alkalies both strong and 
dilute, also ammonia and ammonium chloride, 
should also bo tested, and groat care should 
be taken that the temperatures are carefully 
maintained, more especially with the caustic 
alkalies, since the rate of attack increases very 
rapidly with small rises of temperature. It 
is impossible to give the full details of all the 
tests, and for fuller information the memoirs 
mentioned below should bo consulted. 

w. H. w. 

Foerster, Zeitsch. Instrumentan'kwids, 1803, xiii. 
457, and Zeitsch. analyt. Ohem.., 1894, xxxiil. 881; 
Oauwood JfluKlish and Turner, Journal Society (J Glass 
Technology, 1017, i. 153, oontalnlnff rtfsunnS of 
provloiiH work; Sullivan, Journal Society Chem. 
Industry, 1010, xxxv. 513. A tiHcful bIblioKraphy of 
papers d(*.aling with the stability of glass and its 
testinw has rooontly been publishod — Turner, 
Journal Society of Glass Technology, 1017, i. 213, in 
whi(ih other usidul jmperH will bo found. 


Glass, Optioal Pkopertims of: Table. See 
“ Optical Glass,” § (4). 

GLASS, PLATINISED 

Platinisbu glass has not hitherto found 
much use in Applied Optics, for the following 
reasons. When tho platinised surface is pro- 
duced by deposition, or by ” spluttering ” 
methods, it is easily rubbed off, and requires 
protection, thus showing no advantage over 
silvering methods. When produced by the 
so-called “ buming-in ” process, tho resulting 
layer is moro or loss granular and diffuses 
the light very considerably. In recent years, 
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however, Messrs. Bheinberg & Co., Loadoa, 
have introduced platinised and semi-platinised 
surface mirrors, in which the platinum is 
incorporated in the surface layer of the glass, 
so as to he irremovable, and which show no 
grain and are remarkably free from diffusion. 
They also withstand the action of all ordinary 
solvents, except those which attack the glass 
itself. Notwithstanding the fact that the 
intrinsic reflective power of a platinised surface 
is between one-third and one-fourth less than 
that of a perfect silvered surface, they sup- 
plant the latter, because silvered surface 
mirrors are liable to tarnish, are very delicate, 
and deteriorate fairly rapidly, whilst the 
platinised surface mirrors will wear, require 
no protection and do not suffer deterioration. 

Amongst the applications of such platinised surface 
mirrors are reversing mirrors for process cameras, 
in replacement of large and expensive prisms ; reflex 
camera mirrors, and, generally speaking, mirrors 
•where first surfaoe reflections only are required. 
They likewise find employment for dental and 
surgical mirrors, on account of the freedom with 
which they can be subj ected to hot water or sterilising 
fluids without deterioration. 

Semi-platinised mirrors find application in or with 
optical apparatus as light filters, since they have a 
neutral grey tint, and may be placed in any position 
where they are subjected to heat, without liability 
to damage or change. They are also employed in 
the types of optical instruments where some definite 
part of the light is reflected by the surfaoe, and part 
transmitted through the glass. 

Platinised mirrors by the Rheinberg process 
reflect the red end of the spectrum propor- 
tionately more than the blue end to a 'veri/ 
slight extent as compared with silvered 
mirrors. This is easily observable by com- 
paring the image of a person ia both, the 
difference being just sufficient to impart to the 
face the appearance of being slightly ruddier 
and healthier. The platinum mirror, how- 
ever, also reflects the ultra-violet rays just 
beyond the visual spectrum to a greater extent 
than silvered mirrors, as the latter absorb 
these rays more strongly. This has been 
demonstrated by spectrographs taken by reflec- 
tion from platinised mirrors and freshly silvered 
surfaoe mirrors under the same conditions. 

Platinised mirrors can be used as back 
surface as well as front surface mirrors, but 
the reflection from the back surfaoe suffers 
slightly in brilliancy. 

The Rheinberg process employs a high 
temperature,^ and its success depends on : 

(1) The special coating mixtures used. 

(2) Careful pyrometrio regulation of the 
electric furnaces. 

(3) The precautions used to ensure reten- 
tion of the plane or curved surfaces of the 
glass to be platinised. 

^ See patent N. 166,472, Jan. 13, 1921. 


(4) Prociso regulations according to the 
particular coinpoHition of the glasses used. 

Flint glasses are unsuitable for this procoss, 
as the platinum interacts witli the loud in the 
glass. Whilst a largo variety of glasses can 
bo successfully platinised, t'lio best results aro 
obtained with those of the crown glass and 
plate glass description. 

Fuller particulars will bo found in a i)apor 
read before the Optical Soedoty in Novcmiljer 


GLA.SS, PKOl’ERTIIflS OV ^THArNKI). Soo 
“ Glass,” § (19) (ii:). 

Glass, strength of. >Sco “ GlnsH,"” § (24). 
Testing of. Soo “ Glass, Chemical l>(i- 
composition of,” § (3). 

Glass Analyses, Tajble of. Soo “ (Hhiss,” 

§( 3 ). 

Glass Annkalin() ; the removal of strain iu 
glass by heating and Hubsotiuent slow 
cooling. See also “ Glass,” § (19). 

Glass Colour, (Iontrol of, ik Manufaotituk. 

See “ Glass,” § (10) (iv.). 

Glass Defects — “(V>iid».” 8eo “Htriac.” 

Soo also “Glass,” § (1(1) (ii.). 

Glass Wool, MANtnoAOTinu*: of. See 

« Glass,” § (18) (iii.). 

GLASSES, COLOURED 

The physical nature of a glam closely re* 
somblos that of a rapidly Holidifiod li(iuid. 
which has iho power of holding moitallic 
oxides, niotalH, and other inutter in conihinn- 
tion, solution, or Hii.spcnHioii. Tht^rc^ arc xunny 
varieties of glass of very vnric^d <'oin position, 
but nearly all possess tho i)roperty rcferrtKl 
to. In Gonminy scworal stdi'iilifitr pH|)em have 
been publiahod dealing with ilu' relation of 
glasses to effects of colour, but Knglish 
contributions to tho subjtM't havt» Ikhui, with 
very few exceptions, aoHUu^tio rather than 
scientific. It may, however, h(' <'lainuHl that 
in i>ractioal glass- making, oHi><‘eially in tho 
recapture of tlic colours of mediuoval wiiulows, 
English manufacttiirc'rs have h(‘en (piite iut 
successful as thoir foreign <M>inpotitorH. 

Variation in the chemical eoinpoHition of 
glasses produces varied eff<K’.t« in flu, nr action 
on light. Tho influences of the varinthm on 
tho rofraotivo pow<?r and dispersive powt^r of 
glasses is dealt with elsewhere. Variation in 
colour is also duo to variation in (rhemieal 
composition. Oolour ofTcots are eanstul by the 
power possessed by glasses of abHorhing some 
of tho constituent rays of white light and of 
transmitting or partly transmitting and partly 
scattering tho remainder. Even the most 
colourless optical glasses show noticeable colour 
when a considerable thickness is traverst^d by 
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light. Glazed window glass, of good quality, 
appears to be colourless, but a tinge of colour 
shows when a sheet of similar glass is placed 
on white paper, and if the edge of the sheet is 
viewed it appears to possess a deep sea-green 
colour. 

Coloured glasses may be transparent, trans- 
lucent, or opaque : transparent, if practically 
all the incident rays, not absorbed, are trans- 
mitted ; translucent, if the non-absorbed rays 
are partly transmitted and partly scattered 
by minute, opaque, embedded particles ; 
opaque, if all the non-absorbed rays are 
reflected. 

Colours are produced by introducing into 
glass mixtures certain ingredients, usually 
metallic oxides, and melting them in crucibles 
or tanks. The resultant colours depend on 
the colouring ingredient and its condition, 
on the ingredients of the glass mixture, on 
the atmosphere surrounding the molten mix- 
ture, and, in some cases, on the temperature 
to which it is exposed. 

The glaas mixture generally used as a basis 
for the production of coloured glasses is either 
A or B : 

A — sand, carbonate of potash, and red lead. 

B—sand, carbonate of soda, and carbonate 
of lime. 

§ (1) Mantjfaotttrino Practice. — T he fol- 
lowing is a record of some results obtained 
on a fairly largo scale in a manufactory : 

Copper, used in the form of copper scales : ^ 
with A mixture, 0-8 per cent, light blue 
colour, like that of cupric sulphate; with A 
mixture, 5 per cent, dark green colour ; with 
B mixture, 0-2 per cent, bright blue ; with a 
sand-potasli-limo mixture, to which stannic 
oxide, rod tartar,® 0*3 per cent copper scales, 
and 0-1 per cent of ferric oxide have boon 
added — a colourless glass which gradually 
becomes very dark ruby when reheated. If 
the atmosphere surrounding the molten glass 
has not had a sufliciontly reducing effect, it 
appears, when cold, to be rusty, and transmits 
a blue colour. 

A similar mixture, but with carbonate of 
soda substituted for carbonate of potash, in 
a strongly reducing atmosphere, develops 
visible crystals of metallic copper, and a glass 
closely resembling the mineral avonturine. 
The crucible containing the molten mixture 
must bo cooled extremely slowly. 

Gold, dissolved in aqua regia : with a 
sand -potash -lead mixture to which crushed 
metallic antimony, stannic oxide, antimony 
trioxide, charcoal, and 0-03 per cent gold 
have been added — a colourless glass which 
gradually develops a dark ruby colour when 
reheated. If tho atmosphere during molting 
has not had a sufficiently reducing effect, the 

* Copper scales* crude red cuprous oxide, CitaO, 

• Red tartar* crude bltartrate of potash. 


glass appears to be rusty-red and transmits a 
violet-blue colour. 

Iron, usually used in the form of ferric 
oxide : ferric oxide with A mixture, 6 per 
cent, a rich yellow colour ; 1 per cent of black 
oxide of manganese is usually added to give 
the yellow an amber tint. Iron scales ^ with 
B mixture, 0-1 per cent, a pale blue colour. 
With a larger proportion of iron scales, a grey- 
green. 

Ordinary bottle-green colour is usually 
obtained by adding a small proportion of 
cobalt oxide to from 3 to 5 per cent of ferric 
oxide. 

Manganese, used as manganese dioxide : 
with either A or B mixture, about 1 per cent, 
a violet colour. The oxide is used as a de- 
colorant for A glasses. It acts partly by 
converting any iron in the glass mixture into 
ferric oxide, and partly by producing a tint 
of colour complementary to the green due to 
ferrous oxide. 

The oxide used as a decolorant with B 
glasses, e,g. ordinary window glass, although 
tho glass may be colourless when first made, 
develops a pink colour in tho glass after long 
exposure to light. The addition of a colouring 
ingredient to neutralise colour in a glass 
mixture reduces tho transparency of the 
glass. 

Cobalt, used as black oxide: with A or B 
mixture, 0*4 to 1 per cent, a bright purple-blue, 
less purple with B than A. Cobalt glasses with 
largo proportion of the oxide, or in considerable 
thickness, transmit a ruby colour. The effect 
can bo neutralised by the addition of chromic 
oxide or cupric oxide. 

Nickel, used as nickel monoxide : with A 
mixture, 0-2 per cent, a strong violet colour; 
with B mixture, a brown colour. 

Sir Herbert Jackson, F.R.S., has found that 
tho same proportion of tho oxide with a 
litliia glass gives a yellowish-brown colour. 

Chromium, used as sesquioxido : 0*4 per 
cent, with both A and B mixtures, gives a 
groonish-ycllow colour. 

Uranium, used as uranate of soda : 0*6 
per cent with A or B mixture, fluorescent 
yollow colour. Colour and fluorosconoo better 
developed with B than with A mixture. 

Carbon, used as finely divided wood char- 
coal : with B mixture, 0-02 per cent, a clear 
yollow colour. As the proportion of carbon is 
increased tho colour passes from yellow to 
brown, brown to black. 

Arsenic trioxide : with A mixture, 6 per 
cent, gives an opaque white enamel ; a thin 
film of the enamel transmits a strong amber- 
red colour. 

Fluor spar : with A mixture, 4 per cent, 
gives a deep opal effect. 

“ Iron scales : a thin black film formed when Iron 
Is heated in alr—FOaO* forroso-forric oxide. 
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Silver : used in the form of oxide, as a 
pigment. It is mixed with some finely divided 
difficxiltly fusible material, such as kaolin, 
applied to the surface of a colourless glass, 
and strongly heated. It gives a yellow trans- 
parent colour, with a slight bluish lustre. 
The colour is best developed on a soda-lime 
glass, of which phosphate of lime is an in- 
gredient. 

§ (2) ExperimentaJi Melthtos. — Platinum 
black : with A mixture, 0*3 per cent, is 
diffused through the glass, giving a grey 
translucent effect. 

Oxide of indium : with A mixture, 3 per 
cent, gives a dense black. 

CaTionate of thallium ; with A mixture, 6 
per cent, gives a greenish-yellow colour. 

Antimony trioxide : with A mixture, 3 per 
cent, gives a pale translucent yellow. 

Vanadium, as pentoxide: with A mixture, 
a yellow-green ; with B mixture, a blue-green. 

Selenium, as a selenate : with A mixture, 
a pink amber. 

§ (3) Crookes’ Glasses. — Sir William 
Crookes’ prolonged researches ^ to discover 
satisfactory eye-preserving glasses for spec- 
tacles throw light not only on the effects 
produced by special ingredients introduced 
into glasses in cutting off ultra-violet and 
heat rays, but also in the production of effects 
of colour. The base used for all of his experi- 
ments was a soda-lime glass, and the thick- 
ness of the plates of glass, when prepared 
for use, was 2 mm. The results of his experi- 
ments with regard to colour are as follows : 

Cerium nitrate 17 per cent, pale reddish- 
amber tint ; chromic oxide 1 per cent, green ; 
copper sulphate about 2 per cent, blue ; 
ferrous oxalate 10 per cent, a smoky green 
colour ; ferric oxide 2 per cent, yellow ; 
ferroso-ferrio oxide, 2-86 per cent, with the 
addition of carbon 0*35 per cent, pale blue. 
Manganese gives a reddish - purple colour, 
cobalt sulphate a rich blue, nickel sulphate 
a brown, cobalt mixed vdth nickel a neutral 
grey, praseodymium a greenish-yellow, neody- 
mium a lilac. 

The conclusions arrived at vdth regard to 
eye preservation were that a glass containing 
cerium is most effective in cutting off injurious 
ultra-violet rays, and a glass containing iron, 
in a ferrous or metallic condition, is most 
effective in cutting off heat rays. A glass 
composed of 83 per cent of fused soda glass 
and of 17 per cent cerium nitrate was found 
to he practically opaque to ultra-violet 
radiation, the hmit being X3650; a glass 
composed of 90 per cent raw soda glass mixture, 
and 10 per cent ferrous oxalate, with small 
additions of red tartar and wood charcoal, 
gave a sage-green glass which cut off 98 per 
cent of heat radiation ; whilst a glass com- 

1 Phil, Trans. IL Society, Series A, 1913, cexiv. 


posed of 96-80 fused soda glass, 2-85 ferroso- 
ferric oxide, and 0*35 carbon had a pale 
blue colour, and cut off 96 per cent of boat 
radiation. 

§ (4) Absorption op Light by Coloured 
Glasses. — R. Zsigmondy’s papers on tlio 
absorption of light by coloured glasses, ^ and 
on the use of coloured glasses for scientific and 
technical purposes,® have some bearing on tho 
subject of this article. He rightly insists that 
the colour of a glass depends not only on the 
colouring material, but on tho glass mixture 
or batch to which it is added and on tho atmo- 
sphere in wliioh it is molted. As examples 
he gives (1) tho brown- and violet-coloured 
glasses produced, resiioctivoly, by a soda -lime 
and potash-load glass mixture with tho same 
proportion of the same oxide of nickel; and 
(2) the change in colour from yellow to yellow- 
green, and from yellow-green to bluo-groon, 
of a glass mixture containing ferric oxide when, 
in the process of molting, an oxidising atmo- 
sphere changes to a reducing one. lie calls 
attention to the action of manganoso in reduc- 
ing the green part of tho spectrum and to tho 
increase of the rod part of tho si)ectruin when 
a small proportion of manganic oxide is added 
to the ferric oxide of a mixture for yellow 
glass. In dealing with copper he found that 
if the proportion of cupric oxide be increased 
from 2 per cent, which gives a blue glass, to 
three or five times that value, green glasBcs 
are obtained differing widely in their absorp- 
tion from that of a coi)])or-bluo glass. In his 
first research tho following bases and glass 
mixtnres were used; borax, sodium silicate, 
potassium silicate, lead silica to, soda-liino 
glass, potasb-limo glass, soda-lead-limo glass, 
potash-load glass, soda-zinc-linio glass, sodu- 
borosilioate glass, and barium - borosiluuiti^ 
glass. The colouring agents were calculated 
os oxides, and the proportions ranged, except 
for the green-copper glasses, from 0-1 per cent 
to 2 per cent. The mixtures wens melted 
and stirred in an oxidising atnios]>hero ; th(^ 
molten glasses were poured, anti the plates, 
thus formed, after annealing, wore cut and 
polished for examination. A “ (^Inn ” Hpeciro- 
photometer was used, and the cooftieionts of 
extinction, having boon determined, W'ero used 
for tho constniotion of representative curves, 
of which illustrations are given. It is regrt^l- 
table that in this research the ordinary soda- 
lime and potash-load glasses were so rarely 
used that it is difficult to compart^ their effects. 
The objects of tho second researcsli on tho nwe 
of coloured glasses for scientific and tecihnicnl 
purposes were (1) to provide a ray - filter, 
which vrould transmit ono part of tho spe(‘trutn 
whilst absorbing tho remainder ; (2) to obtain 
light filters for three-colour photography ; 


* A.nn. d. ?hy8., 1901, Iv. 60. 
Zeitscht.S. Imtrumen., lOOl, xxl. 07. 
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and (3) to find a glass to absorb all parts of 
the spectrum equally. A Pulfrich comparison 
spectroscope was used for examining the 
glasses, and the following is an abridged table 
of the results. It is unfortunate that in the 
account of this research the compositions of 
the glass mixtures are not given. 


conductor of electricity. This, however, can- 
not bo the case since the ions in a solid have 
no mobility, with the result that a blue 
cupric glass is as good an insulator as a diy 
crystal of copper sulphate, in which ions are 
present in large numbers, but without the 
power of moving through the crystal. 


Olaaa. 

Colour. 

Bpoctral Raya transiiiitttxl. 

Copper-ruby glass 

Deep red 

Only red. 

Gold-ruby glass 

Bed 

Red, yellow ; in thin sample, blue and 
violet. 

Uranium glass 

Bright yellow 

Rod, yellow, greon ; in iliin sample, blue. 

Nickel glass, soda base .... 

Y ellowish-brown 

Rod-yoUow, traces of green and blue. 

Nioltol glass, potash base .... 

Dark violet 

Violet (G-H), extreme rod. 

Copper glass, blue 

Blue, like copper 
sulphate 

Green, blue, violet. 

Copper glass, green 

Green 

Greon, yellow, traces of rod and blue. 

Chrome glass 

Yellowish-green 

YoUo wish-green, traces of rod. 

Cobalt glass 

Blue 

Blue, violet, oxtromo rod. 

Manganese glass 

Dark violet 

Violet (G - H), oxtromo red. 

Smoko-groy glass 

Grey 

Whole speotnim weakened. 


The following results with specimens of 
mediaeval glass were obtained by the author 
of this paper : 


There is another group of coloured glasses 
in which the origin of the colour is entirely 
different, examples of which are the ruby 


GlflifS. 

Colour 

Sp6tttrt\l Riiys transinltted. 

Copper-ruby of tbirtoonth century . 
Copper-ruby of fourteenth century . 

Blue of tliirtoenth century .... 

Carbon-yellow of tliirtoenth century 

Deep rod 

Deep red 
Oroyish-bluo 

Palo yellow 

i. . . 

Rod, bluish -green and trace of yellow. 

Rod and some blue. 

Blue, violet, traces of red and yellow, 
but no green. 

PosBos all rays except blue, violet, and 
extreme red. 


§ (5) Suggested Explanations of Effects 
OF Colour of Transparent Glasses. — The 
behaviour of metallic oxides introduced into 
a glass seems to correspond exactly with their 
behaviour when added to an acid solution. 
Thus cupric oxide, dissolved in hydrochloric 
acid of moderate concentration, gives a green 
solution of cupric chloride, which contains in 
addition to the undissociatod salt a number of 
blue cupric and colourless chlorine ions. If 
this solution is largely diluted with water the 
ionisation is increased, and the colour of the 
cupric i<ms predominates over that of the 
undissociatod residue, the solution becoming 
blue. Precisely the same result is obtained 
when cupric oxide is added to glass, which it 
must be remembered always contains a largo 
excess of the acidic oxide, silica. When 
present in comparatively largo quantities the 
cupric oxide gives a green glass, but if only a 
minute amount is added a blue glass results. 
Similar resemblances can bo traced in the 
behaviour of other metallic oxides. It is 
probable then that ionic dissociation of the 
metallic silicates takes place on melting. It 
might bo thought that the existence of this 
ionisation would render a coloured glass a 


glasses made by the formation of reduced 
gold and cuprous oxide in the mass of the 
glass. Here again we may see a close resem- 
blance between the behaviour of a salt solu- 
tion and a glass. Carey Lea in 1884 showed 
that if a very diluto solution of gold wore 
treated with a reducing agent a bright red 
solution, apparently quite transparent, was 
produced. Witli increased concentration a 
purple solution was formed, and in still stronger 
solutions a yellow colour resulted. Those 
solutions, so-called colloidal, are now known 
to be not solutions at all, but suspensions of 
particles so small that their presence can only 
bo demonstrated by the ultra-microscope.^ 
In gold and cuprous oxide ruby glasses this 
method of viewing them renders it quite 
certain that they owe their colour to the 
presence of fine particles, the size of which, 
by their action on the light of different wave- 
lengths, determines the colour of the trans- 
mitted and reflected light. It may also be 
assumed that the yellow and brown colour of 
carbon glass, for which many different causes 
have been suggested, is really duo to ultra- 


^ SCO also paper by J. C. Maxwell Garnett, TM. 
Trans. Royal Society ^ A, 1904. 
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microscopic particles of silicon, comparable 
to the particles of metallic gold and cuprous 
oxide, which are the cause of colour, respect- 
ively, in gold-ruby and copper-ruby glass. 


GONIOMETRY 

§ (1) Spectrometer Methods. — The measure- 
ment of the angles between the flat surfaces 
of prisms is one which for many purposes 
requires to be performed with the greatest 
possible accuracy.- The refracting angle of a 
prism to be used for refractive index measure- 
ments, for example, naust be known to 
within about on© second if the index 
measurements are to be correct to the 
fifth decimal place ; and some of the 
angles of prisms used in rangefinders, 
dial sights, and similar instruments 
must approximate to specified values 
to within about the same amount. We 
shall first treat the general methods, 
and then refer to special methods 
suitable for special cases. For the 
general methods a spectrometer is re- 
quired. The features of such an instru- 
ment adapted 
to the most 

precise work are Ta 

discussed in 
another article ^ 
and the various 
adjustments 
described. 

The two best- 
known methods of measuring an angle on the 
spectrometer arc the following : 

Metliodf 1. — The prism is placed on the 
spectrometer table with the vertex of the 
angle in question over the centre {Fig. 1 (a)), 
and the table is adjusted until the edge of 
the prism is parallel to the axis of rotation.^ 
The parallel beam from the collimator is 
divided into two by reflection at the faces 
of the prism. If the telescope is placed in 
the position T^, one of the reflected images 
can be brought to the cross-lines, and in the 
position Tg the other. The angle between the 
two positions of the telescope is twice the angle 
of the prism. 

Method % — The prism is placed with its 
centre over the centre of the table and rotated 
so that the reflected image from one face is 
on the cross-lines of the telescope T {Fig. 1 (6)). 
The table is then turned until the reflection 
from the other face of the required angle is on 
the cross-lines. The second face is now in 
exactly the position previously occupied by 
the first ; and the angle through which the 
table has been turned is 180° minus the angle 
of the prism. 

^ “ Spectroscopes and Refractometers/’ § (8). 


For work of only moderate accuracy — say 
10 seconds or so — there is little to choose 
between these methods ; hut W'hen high accu- 
racy is aimed at Method 1 is quite useless. 
This arises from the fact that in practice it 
is impossible, except by accident, to obtain 
perfect coUimation or perfect focussing. There 
is always a range, known as the depth of focus, 
within which the definition of an optical 
instrument appears uniformly good, and there 
is consequently a certain degree of latitude in 
all adjustments of coUimation or focus. As 
this error vitiates quite a large proportion of 
the methods which have been published for 
the measurement of angles, it may 
be weU to examine it in sonle 
detail^ 

LefL, Fig. 2, represent a telescope 
lens receiving light from a distant 
point, an image of which is formed 
at I. Assume in the first place that 
the lens is free from aberration. 
The image observed in the eye- 
piece is the disc in which the focal 
plan© of the latter cuts the conical 
beam of rays. The line joining the 
centre of this disc to the back nodal 




(a) 



(^) 



Fig. 1. 

point of the objective is the direction of 
the incident beam as indicated by the tele- 
scope. Clearly, provided the aperture is 
symmetrical about the back nodal point 
of the lens, the apparent direction is not 
afiected by errors of focus ; for if the 
plane of the cross-wires is not accurately 
at I but is at I', the centre of the disc 
of confusion is still on the line IN. If, how- 
ever, on© half of the object-glass is covered 
by a screen, as in Fig. 2 (6), the centroid of 
the disc of confusion at T is below the line 
IN, while at Y it is above it. In the first 
case the cross-lines will ho set to the left of 
their proper position, while in the second case 

* See also Guild, Proc. Phys. See., 1916, xxviii. 
242. 
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they will be set too far to the right. If the as great as half a minute may arise. It is 
other half of the objective be employed the obvious, of course, that the error is in a plane 
errors will be reversed. In general, unless perpendicular to the line of division of the 
the centroid of the section of the beam by the objective, and that measurements in the 
principal plane of the lens coincides with the horizontal plane will not be affected, provided 
nodal point, the centroid of the image will be the aperture is symmetrical with respect to 
displaced from its true position unless the the vertical diameter of the lens, 
focus is absolutely exact. If then the focus Thus an essential condition to the accuracy 
is not quite accurate, and different parts of of measurements of angles with a telescope is 
the aperture are employed for different com- that the aperture employed should be sym- 
ponent measurements of a determination, • the metrical with respect to that diameter of the 
results will be in error. In the presence of lens which is perpendicular to the plane of 
spherical aberration there is no position of measurement. It is not safe to use an ex- 
focus at all for which the centroid of the centric aperture, even though the same region 
image is unaffected by cutting off part of the be used for all the measurements ; for, 
aperture unsymmetrically. In Fig, 2 (c) the although the focal adjustment of the telescope 



Fig. 2. 


case of a lens with under-oorrocted spherical 
aberration is shown (much exaggerated). 
is the focus for rays near the axis, and for 
those near the poriphei'y. F is the position 
of best focus when the whole aperture is used, 
while if either half is used separately, the 
disc of least confusion would be displaced 
appreciably tow’ards F' or The effect on 
the displacement of the image from its true 
position on the lino NA for different positions 
of the focal plane of the eyepiece is easily 
followed from the diagram. 

In practice, if an object be sighted with a 
telescope with partially obscured aperture, the 
movement of the image across the field as 
the focus is adjusted is very easily observed. 
Within a certain range there is no means of 
judging when to stop. Even with very sharp 
focussing it is easy for errors of several seconds 
to be made, while under conditions by no 
means abnormal in laboratory work errors 


bo left unaltered, the roflectod beam from 
different surfaces may focus in a slightly 
different plane. With the highest class of 
surface this effect is never likely to be great, 
but it is only with very good surfaces indeed 
that it is entirely absent. 

Considering now Method \^Fig.\(a\ in the 
light of those considerations, it is evident that 
in changing from position to the full 
effect of errors of focus or spherical aberra- 
tion will be felt, since opposite halves of the 
objective are used for the two measurements. 
If to obviate this we place the prism in such 
a position that the aperture of the telescope 
is symmetrically filled, the ray from the vertex 
no longer passes through the nodal point, and 
the directions actually measured by the tele- 
scope are those of the rays and ^ 8 ^ 2 - 
There is therefore liability to error on 
account of imperfect focus of the collimator ; 
since, unless eollimation is perfect, and 

X 
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do not emerge quite parallel, and the angle 
between the reflected rays is not equal to 
twice the prism angle. It is therefore im- 
material where the prism is placed, when 
inaccuracies due not only to the collimatiou 
but to the focussing of the telescope as well 
are taken into consideration. It is impossible 
to arrange the method to be simultaneously 
free from hoth effects, and it cannot be used 
for accurate work. 

Method 2, on the other hand, is free from 
this defect. By means of an iris diaphragm D,’- 
which is closed down until a circular aperture 
completely filled with light is obtained, exact 
symmetry may be assured. As it is desirable 
to use the biggest available aperture, the 
telescope axis should be rotated, if possible, 
out of its usual position (directed to the centre) 
and directed to the middle of the side of the 
prism. The fact that the collimator is not 
symmetrically employed is clearly of no con- 
sequence under the conditions of the experi- 
ment, provided the prism is mounted with 
the bisector of the angle over the axis of 
rotation, so that the two surfaces are m the 
same plane when the light is reflected from 
them. 

This is the most convenient method for 
general use, provided the rotation of the table 
can be determined with the same accuracy as 
that of the telescope. If, however, as is too 
frequently the case, no provision exists for the 
accurate measurement of table rotations, it is 
necessary to resort to the next method, which 
involves the use of an auto-coUimating eye- 
piece. 

Method 3. — ^The telescope is fitted with an 
eyepiece arranged so that the cross-lines may 
he illuminated from behind and the telescope 
itself may be used as a collimator. When its 
axis is approximately norm^ to a plane surface, 
a reflected image of the cross-lines will bo seen 
in the focal plane. When these are accurately 
set to coincide with the actual cross-lines, the 
axis of the telescope is normal to the surface. 
The determination of an angle consists, there- 
fore, in setting the telescope normal first to 
one surface and then to the other. The angle 
between these positions is equal to 180° minus 
the angle of the prism. 

There are several forms of auto-collimating 
eyepiece, but not all of them are useful. 
Those forms in which the reflector is behind 
any of the lenses of the eyepiece are most 
troublesome to use, on account of the flooding 
of the eye with light reflected from the surfaces 
of these lenses. The most satisfactory form 
of auto-collimating eyepiece is that due to 
Ahbe. It is illustrated in Fig. 3. A small slab 
of glass, p, bevelled at one end to form a 45° 
reflecting prism, is mounted behind part of 

^ It is a great convenience to have iris diaphragms 
fitted to spectrometer telescopes and collimators. 


the cross-lines. This prism, when illuminated 
by a lamp placed above it, acts as a bright 
background to the cross-lines in front of it. 
When the telescope is approximately normal 
to a reflecting surface the appearance of the 
field may resemble 3(c). The whole field 
will probably be faintly illuminated by the 






im. 3. 


general light of the room, except for the area 
occupied by the back of the prism p, which 
win be quite dark. At the <)pi)<)Bito side of 
the field to this will bo the brightly illuminated 
image of the face of p, with the imago of the 
cross-lines showing up against it. When the 
normality is exact, both horizontally and 
vertically, the actual cross-linos and those of 
the imago will coincide. It improves the 
accuracy of setting considerably if tiro axis of 
the telescope is slijUlij inclined in the vertical 
direction. In that case the imago lines arc 
a little wider or closer than the actual cross- 
lines at the same distance from the centre of 
the field, and instead of a somewhat insensitive 
coincidence sotting a symmetrical sotting is 
made with the imago lines a little outside or 
inside the others. 

This is a very fine eyepiece to work with. 
Its only drawback is the difficulty of using a 
high-power ocular, on account of the distance 
between the croas-linos and tlu^ field Ions 
necessitated by the insertion of the illuminating 
prism. 

Another arrangemont whicdi may be em- 
ployed is not a true auto-collimating eycy)io <!0 
but servos the sarnie purpose. It is shown in 
Fig. 4. A side tube is attached to the tolcsciope 
just in front of the oyopioco, and serves to 
carry a short draw- tube at the end of ‘which 
can be attached a pinhole, a line’) slit, or a 
graduated scale, or whatever typo of object 
may bo most convenient for tlu') purpose on 
hand. A semi-transparent roflcetor, which 
may he a microscope cover- slip thinly coated 
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with silver or platinum,^ is mounted at R by 
some suitable moans. When the telescope is 
nearly normal to a reflecting surface, an image 
of P is seen in. the field of the eyepiece. For 
use in Method 3, above, the most suitable 
object is a moderate-sized hole with a vertical 
fibre and two horizontal fibres. These latter 
should be about J mm. apart, and settings 
aro made on the vertical fibre half-way between 
them. 

In carrying out measurements by Methods 


P 



Pig. 4. 


2 or 3, every care must bo taken to eliminate 
all the sources of error to which oven the best 
spectrometers are liable. The article on “ Spec- 
troscopes and Rofraetomotors ” should bo con- 
sulted for a discussion of these errors. In 
Method 2 it will be found advantageous to 
employ a broad slit and fibre, as doaoribod in 
the article just referred to, rather than a 
narrow slit. It is advantageous to employ a 
light green filter in front of the light source 
in all gonioniotrio measurements as this 
eliminates chromatic aberration and 
improves definition. 

§ (2) MbTIIOD of iScrBSTITtTTION. — 

With an exceptionally fine spootromoter 
it is possible to measure angles by 
Methods 2 or 3 t(^ within a second, 
provided extreme care is taken. Spectro- 
meters of this quality 
aro few; and it is 
not every ()]>Hcrvor 
who is fortunate 
enough to have ac- 
cess to one. 

The overwhelming 
majority of angles 
in optical prisms are 
sub -multiples of 180®; and of these the 
groat bulk are 45®, 00°, or 90°. For such 
angles special methods of high accuracy- 
can bo employed which do not involve 
the moosuromont of an angle on the speotro- 
motor at all. It is therefore possible to 
have standard angles of those values, and 
the actual testing of an unknown angle is 
reduced to a measurement of the small difPer- 

' A small piece of ftlass may bo very conveniently 
semi-platiniBcd by uslnp! tlio preparation known as 

lifluia platinum.'' This is paintoil oa the surface 
reru thinly and the liquid cvaporatc^d off over a hot- 
plate. 1\) get a semi-transparent film, the painted 
surface should api)ear of a light amber colour when 
held between the eye and a light. 
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ence between it and the corresponding stand- 
ard. Wo shall first describe the method of 
substitution, and then refer to the methods of 
obtaining the standards. If a spectrometer 
is available, the only additional apparatus 
required is a second telescope on a separate 
stand. This telescope should be similar to 
that of the spectrometer, but only one of 
them requires to have a micrometer eyepieca- 



Such an auxiliary telescope is of great use in 
many ways,^ and there should be one associ- 
ated with every spectrometer. A oheapljr 
constructed stand of perfect rigidity can easily 
be made as in Fig, 6. The body, B, is a slab 
of hard wood which oarrios metal Vs in which, 
the telescope rests. The method is carried 
out as follows ; 

The auxiliary telescope Tj is placed in. 
the position which it is going to occupy 
during the measurements, Fig. 6. In 
order to adjust its axis to be coplanar 
Q with those of the collimator and speotro- 
moter telescope, the latter is rotated 
into lino with Tj and a lanap placed 
behind its eyoi^ioco. Tlie cross-lines of 
Ti aro then visible in 
the field of Tg, and 
the latter is adjusted 
until both sots of cross- 
wires are at the same 
height. This procedure 
assumes of course that 
the axes of and O 
are already in adjust- 
ment with respoct to the centre. If this is not 
so the complete adjustment must bo made for 
all throe at once, as described in “Spectro- 
scopes and Rofraotomotors,” § (8). 

One of the nearly equal angles which have 
to be compared is placed on the table so that 
light from one of its faces is direo-tod into tbo 
auxiliary telosoope T^. The other telescope T, 
is brought to receive the image from the other 
face. The table is levelled imtil both images 
are at the correct height with respect to ths 
cross-linos. Tliis is most rapidly done if one o£ 
the faces is porpenclicular to the lino joining 

* Rcft ** Spectroscopes and licfractomotors," §§ 
(8), (J.0). 
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two of the adjustment screws, this face being 
adjusted last. 

When the preliminary adjustments have 
been made, the image in Tj is brought to the 
cross-lines by means of the tangent screw which 
rotates the table. The micrometer eyepiece 
of Tj is employed to sot on the other image. 
This angle is then removed, and the other is 
laid as nearly in the same position on the table 
as possible and levelled in the same way as 
the other. The image in Tg is again set on 
the cross-lines by rotation of the table. It 
is evident that if the angle were precisely 
eq[ual to the previous one, the image in would 
now also be on the cross-lines. If the angles are 
not q^uite equal, the image in will be dis- 
placed by twice their difference, which is 
measurable with considerable precision on the 
micrometer. The settings both on Tg and Tj 
should be repeated several times. 

The determination takes very little time, 
and with telescopes of about 30 era. focal 
length should be accurate to less than 1 second. 
The method is clearly applicable to any 
size of angle for which there is a standard 
available. 

The precautions concerning the symmetrical 
filling of tlie telescope apertures and the use 
of the diaphragms and Dj must be observed, 
lest the focus of the reflected beams should 
differ slightly with the two prisms. It is also 
essential that the spectrometer and auxiliary 
telescope should stand on a more rigid support 
than the ordinary laboratory table, otherwise 
relative movements of the two will take place 
as the observer moves about. A convenient 
plan is to set them on a slab of slate or stout 
plate glass, which is raised ofi the surface of 
the table by throe pieces of indianibber or 
thick card. The auxiliary telescope then 
retains its position as accurately as if it were 
part of the spectrometer. 

If much measurement of angles has to be 
done, it is advantageous to dispense with the 
spectrometer altogether and build up a simple 
apparatus specially for the purpose. Both 
telescopes and the collimator can bo supported 
by separate stands similar to Fig. 6. The only 
additional requisite is a prism table, capable 
of a small amount of rotation by means of a 
tangent screw, and having the usual adjust- 
ments for levolliug the prism. All the appa- 
ratus should stand on a slab of slate or thick 
glass as described above. To adjust the axes 
of the telescopes to be coplanar, the following 
procedure should be followed. Place first one 
aud then the other telescope in line with the 
collimator, and adjust so that the centre of 
the slit is at the height of the cross-wires. If 
the axis of the collimator were parallel to the 
supporting slab to begin with, the telescope 
axes would now also be parallel to it, and the 
three axes would he coplanar in any position. 


If however the collimator was tilted, say down- 
wards, each telescope will bo tilted upwards. 
Place the telescopes in lino with each other, 
and illuminate the cross-linos of one by moans 
of a lamp behind the oyopicco. On looking 
into the other, both sets of cross-lines will be 
seen, differing in height by twice the amount 
that the axes are inclined to the base. Bring 
them together, making half the adjustment 
with each telescope. They shi>uld now both 
be parallel to the base. Place one of them 
in line with the collimator again and adjust 
the latter. If the initial error was consider- 
able the adjustment should be ropoated, 
When all three arc so adjusted that their axes 
are parallel when taken two by two in this 
way, they are also parallel to the baso-plate 
and so are coplanar in any position. They 
can then he set up in the relative positions of 
Fig, and the prism sot on the tablo and 
adjusted as already described. If it is not 
convenient to provide the table with the neces- 
sary fine motion for bringing the image to 
the cross-lines of T^, this can bo dispensed with 
by providing a micromotor cytq)ioito for T.j 
as well as for Tj. A comt>ariBon is then made 
by placing the two prisms as nearly as possible 
in the same position on the ttd)le and making 
settings with both mioroTnotws. 

With this simple apparatus, small difTc^r- 
onces of angle can be moastirod with cxeooci- 
ingly high accuracy. 

A variant of the method, wdnoh eliminates 
tho use of a collimator, employs auto-colli- 
mating telescopes. Tho tyf)o of Fig, 4- should 
he used, as this is convenient for use with 
micrometer oyoi>icces. T’hc toloscojx^s in this 
case are sot normal to the Ea(^os, the <liff('ron<io 
in the micrometor roading.s wlien ono angle is 
replaced hy tho other being wpial to twi<?o the* 
difference in tho angles as before. 

§ (3) DTJTTSRlVrTNATrOK OTT STAXOATins. — ^Tho 
substitution method of § (2) gives the easiest 
and most accurate method of determining 
angle, provided a standard angle is available 
from which it only differs hy a small amount. 
The method itself enables its to deh’crmine 
standards for tho most usual (‘as<‘s which 
occur in practical optics. For a CO® Htnndard., 
for instance, a prism with all Ihree stirfnecH 
polished is required, By taking the difTeroriees 
of the three angles in pairs and assuming the 
sum to be 180®, each angle is obtained abso- 
lutely. 

For a 90® Mardaril a square prism shouhl 
bo employed. Hero again the substitution 
method provides tho differences of the angles 
in pairs, and the sum, 300®, hieing known, tho 
value of each angle is oTitainod. 

For a 45® sUrndaref.^ whi<i]i may most cf»n- 
veniently take the form of an ordinary total 
refiocting prism, the difference in iiio 45“ 
angle is measured by the substitution mol hod, 
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and the right angle compared -with the 90° 
standard. Thus the actual values of the 45° 
angles can te obtained. 

For a 30° standard a prisna of 30°, 60°, 
and 90° should be used. The last two angles 
are directly compared with the appropriate 
standards, 180° nxinas their sum giving the 
value of the remaining angle. 

Thus the substitution method is self-con- 
tained, inasmuch as it can be employed to 
determine absolutely the standards required 
for ordinary test work. 

§ (4) Auto-collimation Methods. — There 
are many methods of determining the commonly 
occurring angles in which the auto-collimating 
telescope is employed.^ The most suitable 
telescope to employ is a small astronomical 
telescope of about 2A or 3 inch aperture, fitted 
with a miorometor oyopioce and the illumin- 

O 
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when dealing with the passage of rays through 
prisms, of “ rectifying” the path of the ray. 
If one looks into a prism in any direction, ho 
appears to bo looldng straight through a 
series of chamhers which are reflections of the 
prism itself at the various surfaces encoun- 
tered by the light rays. If these reflected 
prisms are drawn until a surface parallel to 
the front surface is reached, the path of any 
ray between these two surfaces is a straight 
line. 'When this is done for the cases which 
we are about to consider, it is found that 



7. 


ating dovico of Fig. 4. Tho gonoral method 
will bo understood from Fig. 7 («), whujh shows 
tho arrangement for mousui’ing tho right angle 
of a 45° prism. The j)ri8m is placed in. tho 
position shown relative to tho auto -collimating 
telescope^ from which an inoidont beam AB, 
approximately normal to tho hypofccnuBo of 
the prism, emergos. Two images will be soon 
in tho Hold of tho oynpioco, one duo to rays 
such as BT refloctcKl from the fi’ont face, tho 
other duo to rays which have i)asHed through 
tho prism by tho path BCDTQ, being reflected 
approximately normally and rotumed along 
the path EFGHT. The angular displacement 
of these two images depends only on tho value 
of tho riglit angle. The formula is easily 
deduced directly; but tho following general 
method of treatment will bo found useful. 
T. Smith ® pointed out tho great advantage, 

^ Sen Guild, Proc. »SV>r., 1010, xxvili. 242 ; 

8. 1). Chaliworfl and II. 8. Hyland, Trans, Og>t. Soe.t 
1904-1005, p. 34. 

* Trans. Opt. Soc., 1918, xix. 120. 


they all reduce to the case of roflloction from 
the front and back surface of a slightly pris- 
matic plate. The deviation between such 
rays is 2/u9, g. being tho refractive index 
and 0 the inclination of tho surfaces oC the 
(Miuiva)ont ])late. Tho internally reflected 
ray is deviated away from tbo vo.itox of 9. 
Tho prism is developed in this way in Fig. 
7(h), tho path of tho ray witMn the prism 
being BEIl. Let 7-90°+- 5, d being tho 
error of tho right angle. Then aH- /?i=90° — 5, 
Tho inclination between PQ and P'Q' 
=: 180° - ( J>0r' H- QV'iY) = 180° - 2(a 4- 13) = 25, 
tho convorgonco being towards tho left. The 
inclination of HI" to is therefore 4/x5. If 
tho inclination were in the other direcstion, 
it would indicate that 7 was less than 00 °, 

In Fig. 8 a number of other cases arc drawn. 
A few words about each will suflfioo. 

(d) To measure tho difference between the 
45° angles oi a right-angled prism. 

Deviation = 2 /a (a -jy). In direction shown if 

a>^. 
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( 6 ) Difference of two angles of equilateral 
prism. Deviation = 2/i(a. - j 8 ). 

(c) Prism of 90°, 60°, and 30°. Light incident 
on shortest face. ^ = tt - (3/8 + 7), = 3^^ + O' if y = 
90° - q, and j 8 = 30° - Deviation = 2/x(3i> + 3 ). 

In general for a prism of this character in 
which one angle is 90° — ^ and another is 
90°/n — i?, p andg' being small errors, the diver- 
gence is 2^{n<p + q), 

The defect of the auto-collimating methods 
for precise work is that the beam which tra- 
verses the interior of the prism is almost 
always thrown out of focus on account of 


§ (5) Defects ok Pjiisms. — T ri Ihc treatment 
of the previous })jirtigrai)hH w(^ hnv(’i asHuiiUMl 
perfect prisms, i.a. i)crfc<'t.ly piano surfiKii'H 
with the three edges ])arallol. In ]>ra('t.i(‘0 the 
surfaces are rarely alwolutriy flat iirul tho 
edges generally converge slighliy, ?.o. f.lu^ prism 
is part of an elongated pyramid. Clearly the 
measurements will only bo of the hight'Hi 
accuracy x)rovid(Hl tho mirfaecs tirti flat tmough 
for such accuracy to have any nuNUiing. if 
the (lifforont parts of tlu^ snrfaot^H vary in 
direction by several socoiuls, it is jneaningloHS 
to attribute a more closely HpeciIio<l value to 
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slight want of homogeneity of tho glass, 
and the accuracy of which the method would 
otherwise be capable is thus discounted. A 
second serious defect is that if tho prism has 
pyramidal error (see next paragraph) the two 
images are at different heights in the field. 
This complicates the measurement very con- 
siderably. The difdculty is sometimes got 
over hy modifications of the arrangements 
described, in which the condition of sym- 
metrical use of the telescope objective is 
violated. lu general practice therefore, in 
acemaoy as well as convenience, the auto- 
coUimating methods are inferior to the method 
of substitution. 


tho angle between them. Prism Htirfnc*cM 
froquontly convex or eoncuve, b(dng n'ully 
long radius curvoH. Thin in praetion may givV 
rise to unoxpcot(Hl diHorcquuicioH between 
results obtained by different imdliodH, in 
■which, owing to the e.xigoiuueH ( >f the npparat us, 
diJfforont xK>rtioii» of tho Hurfiiet^ may (*m- 
l)loyod. 

(i.) Pyramidal JSrror . — When the thr(^<» 
are not paralhd tho i)riHiu is said in have 
“pyramidal orror.” With tho <»xeopti(»n r»f 
the general methods of § ( 1 ), tho inethodn of 
precise goniomotry which we have <!(msi«len*<l 
involve tho assumption of tln^ value of tho 
sum of the angles of a XJrism. In the pri'sonec' 
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of pyramidal error this is not exactly 180°, 
since the angles measured are the actual 
angles between the faces, and the^ are only 
equal to the angles of a plane triangle when 
the normals are coplanar. The methods of 
defining pyramidal error vary considerably, 
but we shall define it here as the angle between 
one of the surfaces and the opposite edge. 
In the case of an equilateral prism the value 
is the same whichever face is considered, 
but in other cases it is not so. For any 
isosceles prism it is convenient to take as 
the pyramidal error 
the angle between the 
unique face and the 
opposite edge. 

Let OBC, Fig. 9, ho 
the plane of the face 
in question, and OA 
the opposite edge. Let 
ABC bo a section by 
a plane perpendicular 
to OA. Draw AP 
perpendicular to BO. 
Then AOP is the pyra- 
midal error, p, as 
above defined. BAO 
is the angle between 
the planes AOE and 
AOC = A say ; but angle 
ABO is not the angle 
between the pianos 
AOB and BOO, because 
AB and BC are not 
pcrponclioular to OB. 
^ If the angle between 
the i)lanos is fi, fi>A6C, iSimilarly 6>ACB. 
Thus A+B+0 >A+ aBC 4- ACJJ . llioso arc the 
angles of a ])lano triangle, A + JS-l- 6^180°, 
Denote OliA, ()6C, and A6C by a, and 7 
respectively ; then from tlio geometry of the 
solid angle o£ which a, 7, and 6 arc oloinonts, 

coH 7— ‘COS a (108 /3 + sin a win ^ (v)s fi, 
cos 6 “COS y 00800 a cohocj P - cot a cot p, 

=008 7 (1 + i o-f-i cot^ p) 

— cot a cot 

since a and p are nearly right angles. 

, __AB_AB AI>__ p 

'AI* ■ AO^ Hiny* 



cot I 


“ tan 7* 


similarly 

^ = + 2’ (Hiiy+W 7) } 


sin 7 tan 7 


= cos 7 - ^ cos 7, 


= ooa 


(7+2 cot 7^, 
S=7-l-^ cot 7. 


Per an isosceles prism, it is clear from sym- 
metry that 6 - ACB is equal to fi - 7. There- 
fore the excess of the three prism angles 
over 180®, = 2( 6 - ^) = p2 y 

In Fig. 10 the values of | for various 
pyramidal errors are plotted for the two 
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commonest prisms. We see that the sum of 
the angles may bo taken as 180® without 
appreciable error if the value of p does not 
exceed 3 or 4 minutes. For larger values | 
increases rapidly and has to he taken into 
account in precise measurements. We may 
measure p on the spectrometer as follows. 
Let ABO, Fig. 11, bo the prism, arranged os 



shown with respect to the collimator. Rays 
such as S'U are refioctod from the face AB 
in the direction UW'- Rays such as ST 
follow tho^path STUVW, VW being parallel 
to UW' if A = fi and p = 0. In the prosonoo of 
pyramidal error one will slope upwards and 
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the other downwards. Their rertioal dis- 
placements can be measured with the micro- 
meter eyepiece suitably oriented. Take as 
reference plane a plane perpendicular to the 
edge C, and let the incident light be in this 
plane. The normal NU will have an inclina- 
tion p to the plane. Suppose it slopes down- 
wards towards the left. Then the reflected 
ray UW' slopes downwards by an angle 
<p=9ip cos i. Since AC is perpendicular to 
the reference plane TU is also in this plane, 
so the ray UV slopes upwards by an angle 
<j/ =^p cos This ray meets BC, which is 
also perpendicular to the reference plane, and is 
refracted from glass to air. It is easily shown 
that the upward inclination of the emergent 
ray YW, is eq[ual to where p is the refract- 
ive hides of the prism. 

Thus the vertical displacement, 5, of VW 
with respect to UW' 

= 0 + ^ =2p (cos cos i'). 

'We must substitute for i' in terms of the 
angles of the prism and the angle of uicidence 

i''=A-l-r=A+sin"^ - sin e, 

= A-f-sin"^-sin{x- (A-|-i)}> 

therefore 


5=2pj^osi+^oos| A + sin-i^sin(7r - A - 


whence p is obtained. 

The advantage of this method .s that d is 
not appreciably affected by mcorrect adjust- 
ment of the prism with respect to the plane of 
incidence; the effect is simply to introduce 
a cosine term. In carrying out the measure- 
ment, the^tw^ images of the slit will he super- 
posed if A=!§. To observe S it is necessary 
to block out first the rays externally reflected 
and then those internally reflected 

Pyramidal error may also be measured by 
auto -collimating methods. In I'ig. 7 (6), 
for instance, it is obvious that since the 
y edges of the prism OPQ and its reflection 
OP'Q' are coincident the faces PQ and P'Q' 
have a vertical inclination of Thus the 
vertical component of the displacement of 
HU with respect to AI' = 4^(p. Similarly in 
Fig. 8 (b) the /3y plane of the reflected prism is 
parallel to the ^ edge of the actual prism and 
is therefore inclined vertically with respect 
to the a 7 face of the latter hy p. Hence in 
this case the displacement of the two reflected 
beams has a vertical component 2iji,p. 

j. a. 


GRAiiTiiESS Photoo-eaphy, use for graticule 
production. See “ Graticules.” 
Geamophone. See “ Phonograph and Gramo- 
phone.” 


GRATICULES 

Graticuxes, a term which came into common 
use during the Great War, may be defined as 
being the measuring marks or scales, usually 
on a glass plate or disc, placed in a focal plane 
of an optical instrument for determining the 
size, distance, direction, position, or numhor 
of the objects viewed ooincidontly with the 
scale itself. The term “ graticule ” comprises, 
therefore, the numerous appliances variously 
known as sighting scales, reticules, cross-lines, 
eyepiece, and stage micrometers, diaphragms, 
wehs, etc., which are used in telescopes, micro- 
scopes, and other optical instruments, and it 
is usual to refer to tho disc or plate with the 
marks on it as a “ graticule.” 

Being normally 'viewed under considerable 
magnification, it is of primary importance 
that tho lines or marks should bo quite sharp 
and clean, whatever the thickness of tho lines 
may bo. The thickness may vary between 
■OOOl'^ and *00U according to tho purpose for 
which they are used and tho method of manu- 
facture. Tho lines may bo required to be 
opaque, or transparent, or to have special 
optical characteristics, and, except in tho case 
of simple cross-linos, tho divisions or spacing 
of the graticules usually demands the very 
highest degree of accuracy. Turthor, where 
the ^aticulo takes tho form of a circular 
disc inserted within an optical instrument, 
very exact centring of the pattern on tho disc 
is an essontiaL Owing to those exacting 
demands in the way of accuracy and precision, 
the manufacture of graticules is not tho 
simple matter which it would appear to bo, 
and has been tho subject of an immense amount 
of research. 

The methods of manufacturo may bo classed 
under two main headings: (a) moohanical 
ruling, (6) photograpluo methods. Tho 
methods by mechanical ruling may bo sub- 
divided into — 

(1) Ruling with a diamond on glass. 

(2) Ruling with a diamond, and subse- 
quently filling in tho marks with graphite, 
or some other opaque substance, the latter 
being usually mixed for tho purpose with 
copal varnish or some similar medium. 

(3) Coating tho glass with a transparent 
film of collodion or similar medium, and 
ruling tho lines on this, subsequently cementing 
on a cover glass. 

(4) Coating the glass with waxy or bitu- 
minous substances, ruling through this, then 
etching the lines by moans of hydrofluoric 
acid gas, or by immersion in solutions con- 
taining hydrofluoric acid, and, lastly, filling 
in with opaque substances. 

The photographic methods may be sub- 
divided into— 

(1) Photographs on plates or discs with 
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albumea or collodion emulsion having a grain 
as fine as possible. 

(2) Photo -corainic motliods. 

(3) Photo -etching methods. 

(4) By Grainless Photography. 

(5) By Pilmloss Photography. 

Of these various methods Nos. 1 and 4 of 
the photographic methods require a eovor 
glass cemented on to protect the fidm; all 
the others are “ coverless ” graticules. 

In all countries the principal method of 
manufacture up to the year 1914 was the 
mechanical method, the marks being usually 
filled in with an opaque substance. Simple 
patterns, such as straight linos at equidistant 
intervals or cross-lines, can be produced very 
perfectly in this way, but the method becomes 
cumbersome when anything more elaborate 
is required, such as scales with varying line 
thickness, or curved linos or numbered lines. 
Further, whore linos cross each other the 
glass is apt to bo broken up, causing the critical 
point to bo loss good than the rest, and this 
has led to the practice, when ruling lines at 
right angles to each other, of stopping the line 
just short of the cross-line, and continuing it 
again a short distance from the other side. 
The sharpness and apparent opacity of dia- 
mond-ruled linos depend on the cleanness and 
filnenoss of tho diamond out and personal skill 
of tho operator; the diamond points are apt 
to wear out fairly rapidly and then produce 
inferior work. 

Baling and etching methods are not so 
subject to wear and tear of tho ruling point, 
booauso the waxy or bitunainous substance 
ruled through is soft. Curved linos, numerals, 
or letters can be reproduced by a pantograph 
arrangomont. In other respects they suffer 
from the same limitations in manufacture as 
diamond -ruled graticules, and it is exceedingly 
difficult to coat them with a resist so perfect 
that tho liydrofluoxic acid does not attack 
the glass hero and there through tho resist, 
occasioning tiny marks or spots on tho glass 
which are objectionable. 

Graticules produced by any method of 
mechanical ruling require 8ei)arato testing 
for accuracy and finish, each hoing an 
individual piece of work standing on its own 
merits. 

Graticules produced by photographic means 
have a groat advantage in this respect, for 
any number of graticules can bo produced 
exactly similar to one anothor, without re- 
quiring separate testing for accuracy of scales, 
always provided that the photograplxio method 
employed is one in which the film is given 
no chance of expanding or contracting during 
tho process. Tho main security for this is 
by only employing such processes in which 
the film is not transforrod from one glass to 
another, i.e, each graticule disc or plate must 


he coated separately and the film must be 
loft in sitv. throughout the operations. 

Many fine grain processes have been em- 
ployed, collodion in general having been found 
to be the most suitable medium, since gelatine 
coatings almost invariably accumulate dust 
specks and are not sufficiently clear. Carbon 
processes on bichromated gelatine or fish glue 
have likewise been employed ; in this case all 
except tho image lines, which are rendered 
insoluble, is removed by washing. Such pro- 
cesses 5deld very fair results in the case of 
graticules with comparatively coarse linos, or 
which are subject only to low magnifications. 

Photo -ceramic methods have been employed 
in Germany mainly for one partioxilar purpose, 
viz. graticules for binoculars. Those grati- 
cules have a transparent image, which is more 
or less faint — an advantage for the purpose in 
question. They show little evidence of grain. 
The process has been kept soorot, but some 
ideas as to the methods by which they are 
produced may bo inferred from German and 
Austrian photo -ceramic literature.^ 

Messrs. Adam Hilgor, Ltd., of London, have 
also developed a photo - ceramic method. 
These graticules have a fine grain, the image 
linos being sufficiently firmly adherent to the 
glass surface to stand tho necessary cleaning 
of the discs. They will also withstand ordinary 
solvents. This process would seem to have 
been employed mainly for graticules with 
fairly coarse linos, used with low magnifica- 
tion. 

Photo-etching methods which wore worked out 
by J. Bheinborg, London, in tlio early years of the 
War, by coatiixg discs with an emulsion impervious 
to the action of hydrofluoric aoid gas before exposure 
to light, but pervious to its action after exposure, 
have not hitherto proved successful, booauso the 
resist suffered from the same defects already referred 
to as liable to occur in the otoliing methods after 
meohanicul ruling. 

Methods of graticule production by photo- 
graphy on a sensitive collodion film, having 
a grain so fine as to stand considerablb mag- 
nification, date back a considerable time, and 
until recent years wero chiefly practised in 
Germany. Tho actual process has been kept 
soorot, but there is ovidonoc to show that it 
has followed on tho linos of the old Tauponot 
Collodion Process, dating from 1865, or some 
modification of tho process.^ 

Messrs. Rheinborg & Co., London, have in 
recent years introduced graticules made by 
a secret process styled “ Grainloss Photo- 
graphy,” which differs widely from - any 

» Die P?iQtok€ramik! by JuUuh Krilgcr and Jakob 
Husnlk, published by A. Hartlcbon, Vienna and 
Leipzig. 

• For an accjount of thoHC pro<'-cflBes readers are 
referred to J^Hot/jffraphU Chemisinj, 1859, 

and an article on Idno drain Photographic Plates,” 
JBriiish Journal of t boptomher 13, 1912. 
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previous process, botli as regards the com- ^ 
position of the film, the cliemicals employed, 
and the methods of photographic treatment. 
Collodion is used as the vehicle of the image. 
By difierent modifications of the process, 
either black opaque lines are produced, or 
white opaque lines, or transparent lines in 
grey, amber, violet, or other tints. The lines 
remain clean and sharp under considerable 
magnification, the transparent ones show no 
vestige of grain under high magnifications. 

Graticules produced by so-called “ Filmless 
Photography,” another secret process deve- 
loped by the brothers Rheinberg during the 
Great War, represent the latest advance. 
These are similar in appearance and charac- 
teristics to those by “ Grainless Photography,” 
and may he opaque or transparent, but the 
image vehicle is the surface layer of the glass 
itself, iu which the lines are formed in untar- 
nishable metal In a perfect filmless photo- 
graph the lines cannot be rubhed or cleaned 
off, and they are unaffected by solvents save 
one or two powerful acids, chiefly those ■which 
attack the glass itself. 

In one special modification of this process, termed 
the “ Silverline ” process, a brilliant white imago 
consisting of an extremely fine fibrillar interlaced 
network of granulated silver, is produced upon the 
glass surface, and not incorporated within tho 
surface layer. This image, unlike that in any other 
kind of graticule, has the property of reflecting an 
approximately equal amount of light in all directions, 
no matter at what angle the light is incident upon it. 
The image, however, requires protection by means of 
a vamisL 

In a paper on “ Graticules” (Fransactions 
of the Opical Society, May 1919) Mr. Julius 
Rheinbexg has stated the general methods and 
considerations relating to their photographic 
production (with special reference to those 
made by Grainless and Pfimless Photography), 
together with considerations as to their design 
in relation to the various purposes for which 
they are required, and in the main the follow- 
ing particulars are abstracted herefrom. 

The usual way is to start with a greatly 
enlarged drawing, say from 12^^ to IS'' dia- 
meter, from which an intermediate reduced 
negative is produced, and this is again reduced 
in a precision camera to the exact size. The 
positive so obtained serves for the production 
of the “ Master negatives,” from which the 
graticules are then made by “contact printing.” 
Drawings shotild be on smooth, thick, Bristol 
board, not on thin paper or linen which has 
a tendency to cockle. For fine work the 
nature of the ink is important, and of a 
number of Indian inks tried, Messrs. Winsor 
& N'evrton’s “ Mandarin Black ” was found to 
be the best. 

Whilst it is not needful to draw the original to any 
partioulax scale of magnification, it is very needful 


to bear in mind that all photographic processes in- 
creoao the relative thickness of lines, partly owing 
to the grain of the plate, portly owing to optical 
considerations, and, to compensate for this, the linos 
of the drawing should bo finer than tlio actual scale 
of magnification of the drawing. HI von in graticuloH 
produced by Grainless and Filmless Photography 
the intermediate negative has to bo made on a fine 
grain plate, because grainless omnlsionH are too slow 
to admit of camera reductions from drawings on atr 
opaque board, and lines intended ultimately to ho — 

l/SOiT should be drawn about per cent thinner 
than the scale magnification. 
l/100(y should be drawn about 10 per cent thinner 
than the scale magnification. 
l/260<y should be drawn about 50 per cent thinner 
than the soale magnification. 

Tho optical considerations referred to above rclnio 
to the limits of accuracy germane to all reproductions 
by photographic lenses. No lens produce an ocpially 
sharp image on a flat plate over tJio whole fichl, but 
the deviations are small enough to be luigligiblo 
with a good lens in ordinary photognipliy bcoause 
the lines are much coarser and the grain of the plato 
itself is usually tho determining factor iu setting tlio 
limit. When, however, lines of -0005 inch and less 
are in question, tho Ions sots the limit, as it in dittienfit 
to secure those evenly over more than a ooniparntively 
narrow angular field. 

Similarly tho lenses thomsolvos sot a limit to tho 
ocoTiraoy with which long 8caU>« can Iw reproduced 
by photographic reproduction, os alight (Trors may 
occur in tho spacing of divisions owing to zonal 
differences of magnification. 

For those reasons many kinds of graticules cannot 
bo properly produced from large drawings by oamt^ra 
reduction at all, tho “ master uegatives ” being iimdc 
by contact printing from originals moohatu(‘ally 
ruled. Where figures, etc., are employed combina- 
tions of photographically reducecl drawings and 
mochanioally ruled scales can be used k> pttJchu^t' tlui 
master negatives. 

In this maixnor graiiiloss photograpliH 
been produced with linos as fino as l/l2f)tKr, 
although linos finer than 1/6000'' are a matter 
of considorable difliculty. 

In any photogra])hio process of gniticulo 
production tho order of accuracy Iwtwccn one 
scale and another, when largo (iuantitit‘.B of 
a scale are produced, is a matter of iinporkineo. 
This will depend entirely on tho natun) of tho 
process, also whether 4iny film t,ran«h‘r has 
taken place. In tho caso of Grainh^ss and 
Filmless Photography a number r of Boah^s wore 
sent to tho National Physical Laboratory, 
taken from batches at random, wliioh ha<l all 
been produced from tho samo masti^r nogativo, 
but not actually from tho samo negat.ivort, 
as a master nogativo servos for making any 
number of tho actual negatives used by nmann 
of intermediate positives, and tlu^ tcHtn showed 
the maximum error of tho scales, either as 
regards over -all length, or as n'fganls the 
divisions, to be within ono-twontioth }>er cent, 
and consequently since this error included any 
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actual error in the original master negative, 
the actual variations between one scale and 
another produced by either of the processes 
in question would ho below that amount. The 
main test was made on scales of 10 mm. 
length; tests on smaller numbers of scales 
up to 100 mill, length gave similar results. 

The vehicle bearing the imago is an important 
consideration in graticules produced photo- 
graphically. Collodion has in general been 
found to be the most suitable and is employed 
in the Grainloss Photographic process as well 
as in the foreign -made graticules. 

In Eilmless Photography, however, the 
vehicle which hears the imago is the surface 
layer of the glass itself, and the nature and com- 
position of the glass play an important part, 
since the process is based on the idea that as 
glass is porous, though the pores may bo 
ultra-microscopic, matter in a suitably fine 
state of division can be introduced into those 
pores by appropriate methods. The most 
suitable kinds of glass have been found to be 
the various descriptions of crown and plate 
glass. Glasses of a particularly dense nature, 
such as barium glasses and baryta light flints, 
have boon found less suitable, although with 
more or loss trouble filmless photographs can 
be produced thereon, particularly transparent 
photographs which do not necessitate tho 
introduction of as muoh metal into tho surface 
layer of tho glass as opaque ones. Glasses 
containing any considerable proportion of 
load, i.e. tho ordinary description of flint 
glasses, are unsuited to tho process, though 
this is duo to tho softness of these glasses 
and chomioal combinations which take place 
rather than to any question of density. 

Tho uses to which graticules are put are 
fairly numerous ; they form a most essential 
part or adjunct of the optical instrument in 
or with which they are employed, and there arc 
but few optical instruments used in poaco or 
war in which they are not either permanently 
or temporarily used. A good example of tho 
relative im]>ortanco tho graticule may assume 
in an optical instrument is afforded by tho 
Aldis Unit Telescopic Sight for aeroplanes, 
tho whole instrument being merely a device for 
seeing tho graticule image sharply, coincidontly 
with tho target which is viewed without any 
magnification whatsoever, 

Tho kind or variety of the graticulo naturally 
depends upon tho purpose for which it is used 
in an optical instrument, and the advent of 
Grainless and Filmloss Photography which 
enables graticules to he produced with inaage 
lines opaque, transparent, or semi-transparent, 
in various colours or tones and possessing 
different optical proportios, has not only con- 
siderably increased tho purposes for which 
they can bo employed, but also in some 
instances given rise to new forms of instrumont 


construction. The majority of graticules arc 
required for use with transmit h^d liglit, and 
for most of these it has boon customary to use 
graticules having opaque black lines, tho 
possible advantage in some cases of trans- 
parent lines not having received any adequate 
attention, probably owing to the fact that 
such graticules were not generally availahlo. 

Tho optical difference between a neutral 
coloured transparent lino and an opaque one 
is that the former reduces liglit from tho 
object by a definite peroontago, whereas the 
latter cuts out tho whole of the light. There 
would appear to bo a prevailing impression 
that transparent linos will not stand otit 
sufficiently, or show sufficient contrast against 
a dark ground, which, however, cx])oriniont will 
show not to ho baaed on fact. Excessive con- 
trast induces eye fatigue and loss of comfort 
in use, which becomes particularly notiooablo 
and indeed irritating when graticules have 
opaque patterns in tho nature of squared 
lines or other repeating patterns. Such con- 
trast may hinder tho eye in picking up and 
inspecting critically the object to be viewed. 
An outstanding merit of transpaimt lines is 
that they do not out off any part of tho object 
viewed, a not unimportant matter whore lines 
are fairly coarse, ie, exceeding *001 inch, which 
are frequently roqxurod. Otlxer advantages of 
transparent linos are referred to later on in 
the notes on graticule design. 

For one class of graticules, vias. military 
binoculars, transparent lined graticules have, 
however, been in use for some considerable 
time; for this purpose the German photo- 
ceramic graticules wore in xiso prior to tho 
war, also otchod or directly ruled linos on 
glass, not filled in. They afford a typical 
example of tho benefit of faint transparent 
linos, as they do not distract tho eye from tho 
object and are little noticed, unless attention 
is purposely concentrated on them. 

Another class of graticmles, UHod typically 
in sighting instruments for day and night use, 
are intended for use both with transmitted 
light and rofiootod light, appearing black when 
illuminated in tho former way, ajul white in 
tho latter. They are prodticcd by filling in 
a diamond -ruled imago with whik^ ojwiquo 
linos, or oven more satisfactorily by a modifica- 
tion of tho grainless photograpliic procoss, 
which yields white opaque linos. T’hoir opa(dty 
renders them black by transniittcMl light, and 
for night work tho light is intrcxluced through 
the edges of tho disc by a subsidiary lan\p, 
tho light so introduced being imprisoned in 
tho glass except whore it strikes the image 
linos, which rcfloct a portion of it towards 
tho eye Ions. 

Thin class of graticules would seem fluflooptiblo 
of development to numerous uses, for example 
spectroscope oyopieoes, as, by illuminating tlio disc 



124 


GEATICULES 


edge with coloured light* the graticule image may he j 
made to approximate in colour to the part of the 
spectrum under observation. It is well known that 
the eye will not sharply focus widely differing colours, 
or colours and white lines simultaneously, hence the 
utility of some such device. 

Graticules for use by reftccting light only 
are in general produced by the same processes 
already referred to. They are usually illumin- 
ated either directly or by reflectors prepared 
with white •diffusing substances. 

Whilst in all ordinary cases a graticule is 
so mounted that the plane of the graticule 
disc is parallel with the lenses of the optical 
system with which it is used, an exception 
occurs in. certain military instruments, in 
which the graticule has to be viewed through 
the optical system at continuously var^g 
obliquities, whilst the direction of the light 



1, — ^Black opaque. Line thickness •0004'''. 
hlagniflcation 85. 


to place the graticule in the main optical 
system, either because that system has no 
real focal plane, or for other reasons of design. 
A frequent device is to place the graticule in 
the focus of a collimating lens and place a 
semi-transparent reflector in the main oi^tical 
system at an angle of 45°. Graticules of this 
description are produced by Grainless Plioto- 
graphy, and are similar to the negatives ordin- 
arily employed in that process. 

The design of graticules is a matter repaying 
careful attention. It should not bo overlooked 
that the graticule is often an essential, and 
frequently a vital part of the optical instrument, 
that it is under constant scrutiny, and should 
be so designed as to secure the maximum 
efficiency and the greatest amount of comfort 
in use. To ensure this it is absolutely necessary 
that it should be properly correlated to the 
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which is reflected from the graticule lines 
remains more or less constant. Ordinarily 
the intensity of the light reflected by a line 
or a surface varies greatly according to the 
angle at which the light impinges on it, as a 
consequence of which the image of the grati- 
cule would he far less brilliant when viewed 
at certain degrees of obliquity than at others. 
To meet this case the “ Silverline ” process 
already referred to was devised, in which the 
image lines have the property of reflecting 
or diffusing light of approx±nately equal 
intensity in all directions, irrespective of 
the angle at which the light impinges on 
them. 

Another class of graticules are such as have 
clear lines on a black opaque ground. These 
are illuminated from behind or by a separate 
source of artifi.cial light. They are mostly 
used in the type of instrument in which it is 
desirable to project graticule lines, etc., in the 
image plane, but in which it is not convenient 


conditions under which it is uRo.d and to the 
general optical system of the instrument. 

It is desirable to consider — 

(1) The nature of the ])attem. 

(2) The thickness of tho lines. 

(3) Questions of opacity or transparency. 

(4) Questions of differentiation or colour, 

(5) Special optic*, al desiderata. 

(6) Questions affecting price or difiicultios 

in production. 

Regarding the natiiro of the pattern, an 
important point is to keei) it as simple as 
possible. Every superfluous line, figure, or 
other mark should bo eliminated, for these 
only occupy the field otherwise wanted for 
examination of tho object and distract tho 
eye. The fact that additional lines, figures, 
and so forth do not add commonsuratcly to 
the cost of graticules produced by photographic 
processes is a temptation to load them up 
unnecessarily, but should bo resisted, as 
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practical experience during th.e War lias 
freq.nen.tly led to complicated patterns being 
successively simplified. 

Witb regard to the line thickness of grati- 
cules, a number of interesting little points 
require to be borne in mind and balanced, and 
in considering these it is convenient to re- 
member that a line 1/1000" wide, viewed with 
the unaided eye at normal, i.e. 10" distance, 
subtends an angle of about 20 seconds. 
Opaque lines when viewed against a white 
ground appear rather thinner than they 
actually are, as the white light encroaches on 
the two edges of the line, by irradiation of 
the eye. W^on the opaque lino is too narrow, 
the lino appears faint and indistinct and 
begins to be uncomfortable. With the un- 
aided eye a line 1/500^“' or 1/20 mm. is 


irradiation. It is rarely necessary or advisable 
to go below -OOl" in width, the more so as they 
have the advantage that the object viewed 
can bo seen through them, and centred to the 
middle of the transparent lino with very great 
accuracy. This feature is also useful because 
lines of varying thickness can be used on tho 
same graticule disc for differentiation purposes, 
without sacrificing accuracy of measurements. 

Where squared lines or ropeating patterns, 
or markings in the nature of massed patches, 
are required, transparent lines should always 
be given preference over opaque ones, unless 
tho latter are indispensable for reasons 
necessitating maximum contrast. The depth 
of tint of transparent lines should bo appro- 
priate to the magnification under which they 
aro to be viewed, as it is a somewhat roraark- 
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sufficiently narrow for cionifort. For eyepiece 
graticules tho magnifit'-ation of f.he oyo lens 
has. to bo taken into ac-count, and tlie best rule 
for comfort is not to have linos narrower than 
needful. With oyepi(‘-oes magnifying x 5 to 
X 8 ox^aque linos 1 /2()00" or 1 /80 ram. will be 
found suHiciently line. In nricroraeter scalcH 
divided into tcntlw or twentieths of a millimotre 
the width of the lines may Treasonably bt^ 
reduced to 1/5000" or 1/200 mm., and in 
scabs of this description, or scales divided oven 
more finely for mioroscoim stage raicrometorH 
of tho ordinary doseription, ox)aque linos an^ 
tho raost suitable. The illustration s, Figs. 1 
to 4, arc from photoniic^.rographs of Ilheinherg 
Filmless Graticules taken byMr. J. ID. Barnard, 
F.rimt.B. 

Trans] )arcnt linos against a whiter 

ground always app(‘iur markedly narro we* r than 
opaqiu^ ones of similar width, clue partly to 
the greater oncroachinont on their edges by 


able fact that it differs with the magnification. 
Tho same grty lino of -002" width may look 
almost blae.k to tho unaided oyo ; seen with 
an ocular x 5 it ajqiears grey, with an ocular 
X 10 a lighter grey, on tho miorosoopo stage 
magnified 100 times it appears a very light 
grey indeed. 

Differentiation for tho sake of clearness and 
facility in reading or counting is a factor which 
should receive consideration. For instance, 
in a graticule for counting purposes, a field 
consisting of alternate transparent grey anti 
(mlourloBR square patches in a ehossboard 
X)attom— tho so -called Chessboard Hicrometers 
— arc more comfortable and easy to work with 
than graticules simply divided into squared 
linos. Lines of different tliickncss on tho same 
graticule arc another form of differentiation. 
(laHCH ot^fiur, however, whei'c it is still more 
convenient to dilTcrentiatc hy lines of different 
colour on tho same graticule. Such gratioulos 
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were pafteiited by Messrs. Aldia Bros., Bir- 
min g Tifl.m , and knowti by name of compoisite 
graticules, because they are usually produced 
by doing the different colours by Grainless 
Photography on two separate discs and cement- 
ing them together. The colours themselves, in 
so far as it is possible to produce them, may 
be selected to obtain contrast in accordance 
with the purpose for which they are used ; for 
example, an aeroplane telescope graticule for 
use against the blue sky might have golden 
amber hnes, one principally for use against 
green foliage would conveniently have lines 
of a violet tone. 

When one scale is measured against another 
scale (microscope stage micrometers and eye- 
piece micrometers offer a familiar example) 
there is an advantage in having the scales 
differentiated in colour so that they can he 
distinguished at a glance. 

The special optical desiderata which the 
graticule should possess will depend chiefly 
upon the methods of iUumination under which 
it is to be used, ie. whether by transmitted or 
reflected light or edge illumination, whether 
it is to he viewed normally to its surface or 
otherwise, whether with colour screens or 
such-like considerations. These matters have 
already been referred to. 

Lastly, a graticule designer should hear in 
mind that the cost of production of any pattern 
frequently depends largely on seemingly quite 
trivial matters, and should consult with the 
manufacturers in order to avoid specifications 
which unduly iucrease cost without increasing 
efficiency. For example, specifying a graticule 
on a disc 10 mm. diameter, when a disc of 
15 mm. diameter might be adopted just as 
well, might entail a difference of 50 per cent 
in cost of production. Or hy requiring the 
cross-lines in a Filmless Photograph to go right 
up to the edge of the disc, a large extra cost 
may be incurred compared with one in which 
the lines leave off J mm, or 1 mm. from the 
edge of the disc. Very fine lines in immediate 
contiguity to very coarse ones are iaadvLsable, 
as they require different treatment by all 
photographic processes. In short, the instru- 
ment-maker should remember that the graticule, 
which is at least as important as the other 
parts of his optical instrument, should not he 
treated as an independent adjunct, to he fixed 
up after everything else is settled, but should 
be carefully considered along with the design 
of the whole instrument, if he is anxious to 
obtain maximum efficiency at lowest cost. 

Consequent upon the limitation of patterns oving 
to the restricted methods of production available 
until recent years, the application of graticules has 
not been developed in many directions in which they 
would appear susceptible of extension. Luring the 
Great War the tendency manifested itself for the 
design of new types of optical apparatus which would 


not have been feasible but for the fact of tho facil- 
ity with which new and unusual typos of graticules 
oonld be produced, and it seems likely that many 
types of optical apparatus might bo improved, or 
new types designed, by paying duo regard to the 
pcBsibilities which graticules now afford. It is 
only needful to hear in mind, for instance, that tho 
steel slits of spectroscopes could bo replaced by 
graticules having a series of perfectly sharp, clean, 
colourless lines on a black ground of definite widths, 
and that as tho films have less thickness than steel 
jaws there is loss liability to stray rcflociioas or 
diffraction. Or, again, tho fact that complotoly 
divided circles can bo produced with groat accuracy 
in the form of a small graticule opens up tho possibility 
of designing instruments in which such oirelos are 
either placed in, or projected into, tho plane of optical 
instruments to supplant the largo and expensive 
graduated metal arcs and circles with their sepanxte 
reading - microscopes clsewhero. Such examples 
show that tho possible applications of gratioulea 
with a view to improvements or simplification in tho 
design of optical instruments is a subject which will 
well repay study, and has indeed its own place in tho 
general study of Applied Optics. j ^ 


Gbatioules, STEBEosoorio : a device em- 
ployed in some storooscopic rangefinders to 
give a distance scale in tho field of 
view- See “ Haugefindor, Short - base,” 
§ (13). 

Gbeasb-spot PHOTOMBrasR : another name 
for the Bunsen photomotor. Soo “ Photo- 
metry and Illumination,” § (15). 

Gehtding and Polishing of a Glass Sur- 
face, Stages in tiim. Soo “ Optical Parts, 
The Working of,” § (7). 

Gboove Form ; offoefc cm distribution of light 
in diffraction spocstra. Sco “Diffraction 
Gratings, Theory of,” § (8). 

Guild Spherometbr. Sco “ !?!i)hcr()motry,” 
§( 5 ). 

Gttitar : a musical instniniont of six stringfl 
which are plucked by tho right hand. 800 
“ Sound,” § (26). 

Gyro, Floating Ballistic. 5?cc ** Navigation 
and Navigational InstrumontB,” (111) (ii.), 
and (14). 

Gyro Compass. See “ Navigation an<l 
Navigational Instruments, ” §§ (13), (14), 
(15). 

Gyro Compass, Speed Error or 8('o 

“Navigation and Navigational Instru- 
ments,” § (15). 

7-Rays, General Properties of. 8(^o 

“ Radioactivity,” § (14) (i.). 

Nature of. See ibid. § (14) (iv.). 
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Half-shadow Angle, Vaeiation of Sen- 
sitiveness OF POLARUMBTEE WITH. ScO 
‘‘Pokrimetry,” § (7). 

Half-value Period of a Radioactive 
Substance : a term used in radioactivity 
to donoto the time taken for the atoms 
present in a radio -element to decrease to 
half. See “ Radioactivity,” § ((>). 

Haeoouet Photometer. Seo “Photometry 
and Illumination,” § (2C). 

Hardness of Glass. Soo “ Glass,” § (26). 
Hardness of X-rays : quality of X-rays. 

Soo “ Radiology,” § (17). 

Harp : the most important representative of 
stringed instruments which are played hy 
plucking with the fingers. Seo “ Sound,” 
§ (28). 

Harrison Street Photometer. See 
“ Photometry and Illumination,” § (67). 
Hartmann’s Method of Peteewiinino the 
Position of an Image-plane. Seo “ Ob- 
jectives, Testing of Compound,” § (1). 
HAtiY’s Law of Constanoy of Crystal 
Angles, final proof of, from the general 
law of progression of crystal properties 
corresponding to tho advance in atomic 
number. See “ Crystallography,” § (13). 
Hearing, the act of. Soo “ Sound,” § (57) (iu). 

Human. See ibid. § (57). 

Heeling Error in magnetic compass. Soo 
“ navigation and Navigational . Instru- 
ments,” § (10) (ii.). 

Hefner Lamb; a flame standard ofTicially 
adopted in Germany. See “ Photometry 
and Illumination,” § (7). 

Height, Definition of. See “ Surveying 
and Surveying Instruments,” § (36), 

HEIGHT-FINDER, THE PATERSON- 
WALSH ELECTRICAL 

§ (1) The Bbnnett-Pleydell Principle. — 
For determining tho height of an object, as 
distinct from its range, tho simplest goo- 
mo trioal arrangement is that involving tho 
moasuromont of 
the distance be- 
tween two stations 
and of two angles. 
This was sug- 
gested in connec- 
tion with tho 
determination of 
the height of air- 
craft by lieu- 
tenant Mansell Pleydoll and Dr. G. F- Bennett, 
and is known as the Bonnott-Pleycloll principle. 
In Fig. 1, if two pianos ABP<i and CDPQ bo 


rotated about their axes AB, CD, until they 
intersect in PQ, then if AB and CD ho parallel 
to each other, perpendicular to the lino AO, and 
in the same horizontal plane, every point on 
the lino PQ will be at the same height above 
this plane, this height being given by the 
formula /i = A0/(cot A - cot 0), where A and 
C are the angles (both measured in the same 
sense) which tho planes ABPQ and CDPQ 
make with the horizontal. 

For in Mg. 1 lot AQO be a vortical piano tlirough 
tho base AO, and QN perpendicular on AO, Then 

QN»A also QAN-=A, Q0N«18O®-a 
AN = QN cot QAN »= A cot A 
ON = QN cot QCN = - A cot C. 
AC«AN+CN-«A(oot A-ootC). 

§ (2) The Telephonic Instrument. — The 
height-finders which have boon designed on 
this principle are long-base instruments. The 
first (telephonic) type consists of two stations, 
one at each end of a base about a mile long. 
At each station thoro is a wooden stand {Fig. 
2) holding a rectangular sighting frame P, 



Fig. 2. 


capable of rotation about a horizontal axis. 
At one end of each instrument is a dial and 
l)(>intcr arrangement giving at onoo the angle 
between tho horizontal piano and tho plane 
of tho sighting wire WW attached to tho 
rotating framework F. At tho other end of 
one instrument is a “plotting-board” B, 
rigidly attached to tho upright and engraved 
with a series cjf equidistant horizontal linos 
marked in thousands of foot. In ad<lition to 
these linos there is a semicircular scale of 
degrees over which a loose arm A may l)o 
swung at will. Rigidly attaohod to tho 
rotating framework E is a second arm C. 
The inner edge of each of those arms passes 
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through, its own axis of rotation, and the 
distance between these axes represents the 
distance between the “ home ’* and “ distant ” 
instruments on the same scale as the vertical 
distance between either axis, and any one of 
the horizontal lines represents the height 
marked on that line. 

In using the instrument the sighting frames 
at both stations are set with their axes parallel 
and at right angles to the base and are turned 
so that the plane of each wire rectangle passes 
through the object. The angle of elevation of 
the “ distant ” plane is then telephoned to 
the “ home ” station, and the arm A is set 
to this angle on the plotting-board. The arm 
C automatically gives the same information 
for the “ home ” station ; the triangle formed 
by the inner edges of the arms A and B, 
with the horizontal line passing through their 
axes, is an inverted scale reproduction of the 
triangle AQC of Mg, 1. Hence the height 
of the object sighted may he read ofi from the 
position of the intersection point of A and B. 

§ (3) The Elbotbioae iNSTEDMENr. — ^The 
chief disadvantage of the telephonic instru- 
ment is that its readings, being dependent 
on communication of the angle of elevation 
at the distant station, are necessarily dis- 
continuous and possess a certain small time 
lag. To obtain a continuous indication of 
height the electrical instrument was devised. 
In this the use of the plotting-board and scale 
of angles was dispensed with except as 
incidental to the periodical checking of the 
electrical adjustments. At each station there 
is a uniform resistance supported horizontally 
at a fixed distance below the axis of the sight- 
ing frame, and with its centre directly under 
this axis. Attached rigidly to the axle of 
this frame, and in continuation of the plane 
of the sighting wires, is a phosphor-bronze 
bar which presses against the horizontal 
resistance. Li this way the distance between 
the centre of the resistance and the point of 
contact of the bar is always proportional 
to the cotangent of the angle of elevation 
of the sighting frame (see Fig. 3). Thus if it 



be arranged that there is a constant current 
passing through the resistance, the difference of 
potential between the bar and the centre of the 
resistance is also proportional to this quantity 


By means of a local battery, voltmeter, 
and regulating rheostat, the voltage drop 
across a given length of resistance is main- 
tained at the same constant value at both 
home and distant stations. The distances 
between the axes of rotation of the sighting 
frame and the horizontal tracks of the phospor- 
hronze bars on the resistances are also the same 
at both stations, so that by connecting line 
conductors between the stations in such a 
manner as to put the two voltage differences 
in series, a milliammeter with a suitable 
swamping resistance in the circuit gives at 
once a reading proportional to (cot A- cot C). 
It follows that, in order to oljtain a direct 
reading of height, the instrument must he 
provided with a reciprocal scale. Tor the 
purpose of iucreasing the range two scales 
are provided, one from 1600 to 6000 ft., and 
the other from 5000 to 20,000 ft. The more 
open scale is brought into operation by 
pressing a key switch which normally short- 
circuits a shunt to the moving coil of the 
instrument. 

§ (4) The Pathrson-Walsh Instrijment. 
— ^The series resistance of the milliammeter is 
variable, and is so adjusted in relation to (i. ) 
the actual voltages employed at the two 
stations, (ii.) the sensitivity of the milliam- 
meter, and (iii.) the ratio of the base length 
to the vertical distance between the axes of 
the sighting frames and their respective 
resistances, that a given base length corre- 
sponds with a definite series resistance for 
all instruments. Corresponding values are 
tabulated in the instrument box, so that any 
instrument can be used with any length of 
base by suitably adjusting the series resist- 
ance. The electrical circuit used in the 
Paterson-Walsh design of the instrument is 
shown diagrammatically in Fig. 3. R, R arc 
the uniform resistances, AZ, CZ the sighting 
planes, and V the milliammeter. In this 
diagram the local arrangements for maintain- 
ing a constant and definite current through 
the resistances are not shown. 

The chief errors to which the instrument is 
liable are (1) leakage in the insulation of the 
main conductors between the stations, and 
(ii.) change of resistance of these conductors 
with change of temperature. On this latter 
account these conductors are required to be 
as heavy as possible, so that their rosistanco 
may bo properly swampod by the scries 
resistance of V. 

§ (5) Other Instrhmeitts. — It will bo 
clear that other adaptations of the principle 
of the electrical solution could readily bo 
devised. One of these avoids the use of a 
battery at each station. The two portions 
of the regular resistances arc put in sorios 
and form one arm of a Wheatstone bridge. 
By continuously adjusting a local resistance 
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to keep the bridge in balance, a measure- 
ment of the height may be obtained from 
the value of this resistance in circuit at any 
time. 

The accuracy of all height-finders working 
on the Bennett-Pleydell principle is necessarily 
dependent on the parallelism of the axes of 
the two sighting frames, and it is desirable 
that the departure from this parallelism should 
not exceed 6' of arc. If parallel, the axes may 
be slewed with respect to the base line by as 
much as 5° without correction, or by any angle 
up to 30° if the length of the base lino be 
corrected by the factor cos d. 

§ (6) COREECTION FOR DIFFERENCE OF 
Level. — In all that has been said above it 
has been assumed that the two stations are 
on the same level. If their difference of level 
be d, it may be readily shown that the new 
formula for h is 

{b-(dl2) {Got A -f cot C)} 

(cot A - cot C) 

A rigorous practical solution of this expression 
is not possible, but a very close aj)proximation, 
in all practical cases, to the correct result is 
obtained by setting over the sighting frames 
with respect to their pointers, so that when 
the latter are road ng 90° the frames are not 
vertical, but are tilted downhill at both ends 
by an angle equal to half the angle of the 
slope (supposed continuous) between the two 
stations. In this manner the instrument 
indicates the values of b (cot A-fi* - cot B - d), 
whore tan ^O^djb, and it may bo shown that 
this formula gives a very close approximation 
to the accurate expression, heights being in- 
dicated as above the mmn level of the two 
stations. 

§ (7) Use of the Instrument. — The 
instrument can be used for all angles of 
elevation greater than 20°, but below this 
value the lino of contact of the phosphor- 
bronze bar on the oven resistance is liable to 
variation, and a small inaccuracy of sighting 
produces a considerable error in the indicated 
height. The error of an instrument such as 
that described should not exceed 300 ft. at 
a reading of 12,000. 

It will bo apparent that if sight of the 
object bo lost at one station an entirely 
erroneous reading may be given by the 
indicating instrument if no moans is provided 
for cutting it out of circuit. In the actual 
design, the circuit connecting the two stations 
with the indicator is not completed until a 
small key switch is depressed at each station. 
These keys are operated by the observers at 
the sighting frames, so that if the target bo 
lost at either end, the indicator can bo at 
once brought to zero, i.e. to infinity height 
on the reciprocal scale. 

VOL. IV 


Height-finders, Anti-aircraft. See “ Range- 
finder, Short-base,” § (8). 

Heliostat, The : a clockwork device for 
directing the rays from the sxm into a fixed 
telescope or other optical system. See 
“Telescope,” § (17). 

Hetbroohromatio Photometry: the com- 
parison of lights of different colours. See 
“ Photometry and Illumination,” § (93) 
et sqq. ; also “ Spectrophotometry,” passim, . 

High Potential Generators for X-rays. 
See “ Radiology,” § (15). 

Hilobr’s Constant-deviation Steotro- 
MBTBR, used as monochromatic illuminator. 
See “ Immersion Refractometry,” § (7). 

Hilgbr’s Sector Photometer: an instru- 
ment used in the photographic method of 
spectrophotometry. See “ Spectrophoto- 
metry,” § (17). 

H6qner’s Method of oaloulating Average 
Illumination. See “ Photometry and Il- 
lumination,” § (70). 

Holders, Plate-, for portable field and 
copying cameras. See “ Photographic Ap- 
paratus,” § (5) (i.). 

Hollow Glass-ware, Manufacture of. See 
“ Glass,” § (18) (i.). 

Homo-hetbro-analysis (of colour) : the 
matching of a colour by a mixture of grey 
with the correct proportion of homogeneous 
radiation of the correct wave-length. See 
“ Spectrophotometry,” § (3). 

Horn, Tenor : a brass wind-instrument 
with valves. See “ Sound,” § (44). 
French, in 0 ; scale on, tabulated. See 
ibid. § (38), Table VIIT. 

French, with valves. See ibid. § (38). 
French, without valves. See ibid. § (37). 

Hot-cattiode Tube : a tube in which electrons 
are produced from an olootrically heated 
spiral of tungsten. The vacuum in the 
tube is so high that the residual gas plays 
no active part. Seo “ Radiology,” § (8), 

Hue: that attribute of colour in light by virtue 
of which it differs from grey. Seo “ Spectro- 
photometry,” § (2) ; see also “ Bye,” § (8). 

HtlFNER’s Spectrophotometer. Seo “ Spec- 
trophotometry,” § (12). 

Humours; the fluid contents of the eye. 
See “ Bye,” § (2). 

Huygens’ Construction ; a graphical method 
of determining the form of an advancing 
wave-front by considering it as the envelope 
of the secondary wavelets emitted by all 
points on the original wave-front. See 
“ Polarised Light and its Applications,” 
§ ( 0 ). 

Huygens’ Eyepiece. See “ Telescope,” § (6) ; 
“ Eyepieces,” § (2). 

K 
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Hydeoohlorio Aero Fumes a.s a Test eob. 
Optical Glass. See “ Glass, Chemical 
Decompositioa of,” § (3) (i). 

Hydrogeh Particles produced by collision 


of a-particles with atoms of light olomcnts. 
See “Radioactivity,” § (12). 

Hyoroscopic Nature or Gi^ass. Soo Glass, 
“ Chemical Recomposition of,” § (1). 


iLLUMmATiOR. See “ Photometry and Dlu- 
mination,” § (2) and § (50) et sqq. 
Illumutation, KiNBMATOGEAPn, souices and 
condenser lenses suitable for. See “ Kine- 
matograph,” § (10). 

Illumination, Optics op. See “Projection 
Apparatus,” § (3). 

Illumination Curve: a diagram* showing 
the distribution of illumination along a 
given line. See “ Photometry and Illumina- 
tion,” § (69). 

Illumination op Microscopic Objects. See 
“ Microscope, Optica of the,” § (22). 
Illumination Photometers, General Pein- 
oiPLES OP. See “ Photometry and R- 
lumination,” § (16). 

iLLUMINAriON REQUIRED POR MOST ACCURATE 

Photometry. See “Photometry and R- 
lumination,” § (21). 

Image Plane op Optical System, determina- 
tion of, by Hartmann and Foucault’s methods. 
See “ Objectives, Testing of Compound,” 
§( 1 ). 

IMMERSION REFRACTOMETRY 

§ (1) Introduction. — The ordinary direct 
methods^ of measuring the refractive indices of 
glass specimens cannot be apphed when one 
wishes to determine the refractive properties of 
a specimen of glass which is unpolished, or is 
in the form of a lens, or is very small. It is 
frequently either inadvisable or impossible to 
grind and polish optically flat surfaces on a 
specimen, on account of its being a component 
of some optical system which, it is essential to 
keep intact, or because of its small size. In 
such cases the usual method adopted for 
measuring the refractive index for any given 
wave-length is to immerse the specimen in a 
transparent liquid having approximately the 
same index, and to vary the concentration of 
the liquid until the refractive indices of liquid 
and specimen for that wave-length are the 
same. The refractive index of the liquid is 
then measured by means of one of the 
ordinary methods. 

Four of the more important methods which 
depend on this principle are as follows : 

§ (2) Christiansen’s Method. — Christian- 
sen ® described an immersion method of 

\ See article on " Spectroscopes and Eefracto- 
meters.” 

*0. Christiansen, Wud. Ann., 1884, xxiii. 298 : 
1885. xxiv. 439. ’ 


measuring the refractive index of glass in the 
form of a fine powder. Tho powder is placed 
in a hollow glass prism of refracting angle 45° 
to 60°, which is fiUed with a mixture of carbon 
disulphide and benzene. YSHion a homo- 
geneous mixture has been olbtainod by moans 
of stirring, the prism is placed on tlie table 
of a spectrometer, the colHinator slit of which 
is illuminated by a sodium flame. The sodium 
line is seen sharply defined in tho telescope. 
The powder gradually sinks to tho bottom of 
the prismatic cell and tho constitution of the 
mixture becomes different in different hori- 
zontal layers. As a result of this a band 
of light is seen in the field, of view of tho 
telescope. After some minutes, however, the 
powder collects at the bottom of tho colh 
One now sees two sharp lines, one due to 
refraction in the clear Liquid and the other 
due to refraction in the saturated mixturo. 
The refractive index of the powder may then 
be determined from the results of moasuro- 
ments of the refractive indices of Rqiiid a,iid 
mixture for two slightly difforcuit concon tui- 
tions of the liquid. Christianson dctcrniinod 
by this method tho refractive indices of a 
specimen of crown glass for the Unos (1, .1), anti 
F. His mean results differed from those 
obtained by direct measuroment by 1 to 5 
units in tho fourth decimal place. 

The above method can only ho applitnl to 
the case of very finely divitlccl powders, for 
with coarser powders hoino4?enoous mixture's 
cannot bo satisfactorily obtained, dhristiun- 
sen measured tho refractive i)roj)C!rtic« of 
coarser powders by a different metliod, whi(^h 
is easier to apply, but does not yiefld quit<^ so 
accurate results. Tho principh^ of tho method 
is as follows. If one introdne.es glass powder 
into a suitable mixturo of c^arbon disulphido 
and benzene, one can observe two colourn, 
one of which consists of light which passt's 
through without refraction, while tho otlu^r 
is composed of all tho other colours, Tho 
two colours are therefore com pi onion tary, the 
filrst being monochromatic and tlu^ w^ooiul 
heteroohromatic. ChristiaiiBcui in his <^X|K‘ri- 
ments made us© of two sonHitivc tints oorro- 
sponding to monochromatic light of wtiv(5- 
lengths 530 and 460 juju ; tho iK'tercxdironiatie 
colours were reddish -violet and dirty yt^llow 
respectively. Tho concentration of tho ctarbon 
disulphide and benzene mixtims is gradually 
altered imtil the first sensitives tint is ol>«(‘rv<‘(i. 
The refractive indices of the liquid and i\w 
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glass 'are thou the same for the wave -length 
530 fxfi, Tho indices of the liquid for the 
linos 0, B, and F are determined in the 
ordinary way, and tho index for the wave- 
length 530 /tt/x is obtained by interpolation 
or with the aid of Cauchy’s dispersion formula. 
The process is then repeated for the second 
sensitive tint. In this way tho refractive 
indices of tho glass for tho wave-lengths 630 
and 460 fifi are dotorminod. A specimen of 
flint glass was experimented with, and tho 
values of tho indices obtained by this method 
for the critical wave-lengths differed from 
those derived by direct measurement by 8 
units and 1 unit in tho fourth decimal place 
respectively. 

§ (3) Chalmers’ Method. — Chalmers ^ em- 
ployed a method of measuring tho refractive 
indices of a lens, which consisted in immersing 
the lens in a liquid of approximately tho same 
index and determining its focal length. If 
is tho index of tho lens and that of the 

liquid, tho focal length F is given by 

F = - A*'o)(^i ■" • 

whore R^, Rg are tho curvatures of tho 
surfaces, considered positive when convex 
to tho incident light, provided that tho 
thickness of tho lens is small in comparison 
with tfie radii of curvature. It is then only 
necessary to dotonnino tho values of F, R^, 
and Rjj to tho degree of accuracy that is 
required for tho value of A series of 

stable transparent liquids of suitable refract- 
ive index is used ; for example, cedar oil 
(/XD= 1-517 approximately) and off of cloves 
(/txD= 1-530 approximately) are useful for tho 
nioasuromont of tho indices of crown lenses. 
An average acotiracy of about 6 units in tho 
fourth decimal place was obtained with tho 
method. 

§ (4) Martin’s Method. — The principle of 
this method ^ is to immerse the specimen in a 
suitable liquid, such as carbon (lisiilphido or 
mercury potassium iodide, contained in a 
imismatic coll resting on the prism table of a 
spectrometer, and to adjust tho concentration 
of tho liquid until tho spoctriim lino, for 
which tho refractive index of tho specimen 
is to bo measured, is soon in sharp focus. 
Tho angle of minimum deviation for tho line 
in question is then determined and the 
refractive index calcudatc^d in tho usual way. 
Tho diluent employed is alcohol, and the 
liquid in tho cell is kept homogeneous by 
mochanicnl stirring. An average accuracy of 
about 1-4 in the fourth decimal place was 
obtained by this method. Measurements were 
made on tho C, D, and F linos of tho spoctnim, 
but tho author states that when using mercury 
potassium iodide as tho immersion liquid it 

^ S. B. Chalmers, Tfoc. Opt. Convention, 1906, 
p. 198. 

* Jj. O, Martin, Opt. Soc. Tram., 1910, xvii. 76, 


was not easy to determine tho values for tho 
F line. 

§ (5) Cheshire’s Method. — An aceurato 
method of immersion rofractometry has been 
described by R. W. Cheshire.^ It is based 
on tho shadow method introduced by 
Foucault^ for figuring surfaces. Tho imago 
of a vortical straight edge, backed by a source 
of monochroinatio light, is projected by a 
telescope objective into tho plane of a second 
straight edge, which is so arranged as to 
cover about half tho full aperture of tho 
objective of an observing telescope. A 
rectangular coll containing tho glass specimen 
immersed in a suitable liquid (mercury 
potassium iodide was employed) is placed 
near tho first objective on tho side away from 
tho source of light. Tho strength of tho liquid 
is varied until, on traversing tho second 
straight edge across tho objective of tho 
observing telescope, which is focussed on tho 
glass si)ocimon, tho whole field darkens 
simultaneously and uniformly. This only 
happens when tho refractive indices of tlio 
glass and the liquid are tho same. Tho 
index of tho liquid is measured directly, tho 
coll being cemented to the block of a PulfricJi 
rofraotometer. An average of 2 units in tho 
fifth decimal place was obtained by this 
method in measurements on the sodium B 
lino. It was found difficult to obtain accurate 
values of tho indices for the hydrogen 0 and 
F lines owing to want of sufficient brightness. 

One groat disadvantage in most of tho 
methods so far dosoribod is tho necessity for 
accurately adjusting tho strength of tlio 
liquid so as to obtain equality of index for 
any given standard wave-length. On ap- 
l)roaehing tho balanc^e i)()iut it is frequently 
found that, after adding a droj) of tho eon- 
contrated licpiid or of tho dihitiiig medium, 
in order, as th<^ case may bo, to inciroaso or 
decrease tlie density of the mixture, tho 
point of equality has boon overreacluHl. 
Even when one goes to the trouble of x)re])ar- 
ing for oaeli wave-length two mixtures, one 
slightly denser and tJie other slightly less 
donflo than tlio mixture of rcciuired refractive 
index, a oonsidorahle time is tti)ont before tho 
correct amounts of those mixtures have boon 
added. Then again, oven if tlui oorroot 
density of the immersion liquid has boon 
attained, it may alter appreciably, duo to 
evaporation at tho surface, during tlio time 
occupied in making tho necessary moasuro- 
monts of tho refractive index. Such diffi- 
culties are overcome in tho two following 
methods, descriptions of which have recently 
been published. 

■ K. W. Cheshire, mil. Mno., 1016, xxxli. 409. 

* L. Foucault, Ann. de VOhftmmtoife. de Tarie, 
1869, V. 197 ; JRccueil dee travam ecientif., Paris, 1878. 
232; sec article on “Objectives, The Testing of 
Compound.” 
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§ (6) Fabry’s Method. — ^This method ^ de- 
pends on the measurement of small differences 
of refractive index by comparison with the 
index of a reference prism. The immersion 
liquid is contained in a cell with approximately 
parallel sides, and the reference prism and the 
specimen- whose index is required are simul- 
taneously placed in the Uquid. A certain 
number of standard reference prisms is 
required (Fabry uses five), and in each case 
that one is chosen whose index is nearest to 
that of the specimen under examination. 
The index of the liquid is then determined 
by means of the deviation which the prism 
produces relatively to the ray which traverses 
the cell without passing through the prism. 
Fabry employs carbon disulphide as the 
immersion hquid. The cell is placed between 
a ooUimator and a telescope mounted on a 
divided circle, which reads to about one 
second. The faces of the cell are set normal 
to the coUimator beam, and the reference prism, 
whose refracting angle is 90°, is placed in the 
cell with its faces equally inclined to the 
incident beam. The obser-ving telescope is 
provided with an objective of 40 cm. focal 
length and an adjustable eyepiece with 
millimetre graduations. The coUimator slit 
is Uluminated by means of a source of light 
giving a line spectrum. Now if A be the 
angle and n the refractive index (corresponding 
to the wave-length of one of the lines) of the 
reference prism, and N the index of the liquid, 
the angle of deviation D due to the prism is 
given by 

D=2(71-N) tan A/2, . . (1) 

if the difference between n and N is smaU. 

Thus, if A=90°, 

N=7i-D/2, ... (2) 

an equation which gives N in terms of the 
known refractive index n and the deviation 
D, which ia measured on the circle. If D is 
greater than 1° it is advisable to use a more 
accurate formula, such as 

N=w- J sin 1^+^ sin^ ^'*"4^ ^ 

of which the third term is very nearly quite 
negligible. It gives correct values, where 
A =90°, up to values of D of about 16°. 

The method of obtaining the refractive 
indices of a specimen in the form of a lens is 
as foUows: The strength of the liquid is 
roughly adjusted so that its index is very 
nearly equal to that of the lens for a given 
radiation. The position of the telescope 
draw-tube, for which the line in question is 
. sharply focussed, is determined when the 
reference prism alone is immersed in the 
^ 0. Fabry, Joum, de signet 1919, xi. 11. 


liquid. The lens is then immersed in the path 
of the beam of light, and the position of the 
draw-tube is altered by an amount a; so as to 
bring the line into sharp focus again. At the 
same time the deviation D is measured. The 
composition of the liquid is then slightly 
altered and new values of x and J) are measured. 
Having obtained two or three pairs of values, 
including positive ' and negative values -of x, 
a curve is drawn with x and D as co-ordinates. 
From this curve, which is practically a straight 
line, the value of D which corresponds to 
x=0 — ^that is, to equality of index of Ions and 
liquid — can be deduced. The index of the 
lens can then be obtained from the formula (3). 
Fabry finds that the error of focussing the 
telescope is of the order of ±1 mm. and 
theoretically deduces the fact that, in order 
,to obtain for refractive indices an accuracy 
of one in the fifth decimal place, the difference 
in thickness of the centre and of the edge of 
the effective portion of the lens must at least 
reach the value 6000X. Thus a difference in 
thickness of 4 mm. is sufficient to ensure this 
accuracy throughout the spectrum. 

The method as applied to a specimen in the 
form of a, prism is somewhat similar. The 
prism is immersed in such a way that its edge 
is perpendicular to the edge of the reference 
prism. A wire is stretched across the col- 
limator slit, its image appearing as a black 
point. The vertical deviation d of this image 
is measured by means of a micrometer eye- 
piece, the motion of which is parallel to the 
length of the sht, and at the same time the 
horizontal deviation D caused by the refer- 
ence prism is determined. The simultaneous 
measurements of D and d are made for two or 
three different strengths of the immersion 
liquid, and a curve is drawn through the points 
corresponding to the values obtained. From 
this curve, which is practically a straight lino, 
the value of D which corresponds to <i=0 
may be obtained, and then the index of the 
specimen can bo deduced, as in the former 
case, from formula (3). Fabry found that the 
method gave results correct to 1 or 2 units 
in the fifth decimal place in the case of a 
specimen of quartz, the angle between adjacent 
faces of which was 120°. Ho does not indicate 
for what wave-length the measurement was 
made. 

The method can also bo applied to the case 
of irregular fragments with curved faces (such 
as 'rods of glass or beads of borax fused to 
platinum wire) and transparent substances 
in the form of powders with coarse grains. 

The method is in many respects a great 
improvement on those that have already been 
described, but it is doubtful whether the degree 
of accuracy claimed, namely one unit in the 
fiUEth decimal place of refractive index, will bo 
attained in general practice. 
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§ (7) An-dbrson’s METHOD.—In this case ^ 
the use of auxiliary prisms of knoTO refract- 
ive index is not required. The salient point 
of the method consists in the substitution 
of a variation of Tvavo-lcngth for a variation 
of the strength of the immersion liquid. The 
apparatus required consists of a rectangular 
glass cell for holding the immersion liquid,® 
a Hilger constant deviation spectrometer used 
as a monochromatic illuminator, a Pulfrioh 
refraotometer for measuring the index of the 
liquid, and suitable observing apparatus for 
determining the wave-lengths for which tlie 
indices of the liquid and the specimen arc 
equal. A number of alternative methods are 
used for finding the halanco points j they are 
as follows ; 


distance between Sj and the microscope for 
the introduction of the cell. For convenience 
of observation a reflecting prism Rj is employed 
to deflect the beam of light in the microscope 
through a right angle. In this way the eye- 
pieces of the refraotometer telescope and the 
microscope are brought close together. The 
prism Rjl is mounted on a small table attached 
to the refractomotor and is rotated out of the 
position shown in the diagram when the wave- 
length has been adjusted for equality of index 
of liquid and glass, in order that the refraoto- 
moter measurement may be made. 

The method of measuring the refractive 
index of the glass specimen G for, say, the 
hydrogen 0 Hno is as follows; The concen- 
tration of the liquid is first of all roughly 



Method (i.). — This is 
illustrated in plan in Fig. 1. 
The light from a ** Pointo- 
litc ” tungsten arc P is 
focussed on the first slit 
Si of tlie monochromatic 
illuminator I by means of 
a lens Li. An imago of a 
vortical spider-line stretched 
across the second slit S 2 of 
the illuminator is formed 
at S 3 by the lens L 2 , a 
roflocting prism Rj being 
used to deflect the beam of 
light through a right angle. 
0 roprosonts tho coll con- 
taining the liquid in which 
tho specimen of glass G is 
immersed. Tho mechanical 




T 
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stirrer used for mixing up 
tho liquid in tho cell is not sliown. Optical 
contact is made between the base plate of th<^ 
coll and tho block of tho Pulfrioh rofracto- 
motor by moans of a drop of a -monobromo- 
naphthalene, or, in tho case of extra dense 
flints, mercury barium iodide. T represents 
tho observing toloscopo. Sc tho vortical scab, 
and L 3 tho condensing Ions of tho rofracto- 
metor. H is tho hydrogen vacuum tube 
which is used as the source cf light for the 
measuromont of tho refractive index of the 
liqtiid. Tho telescope T during tho experi- 
ment is below tho horizontal piano containing 
tho axis of the optical system for measuring 
the balance point of refractive index. A low- 
power microscope M is fooussod on S 3 through 
tho liquid. A S-inoh ohjootivo is used in the 
microscope in order to got sufficient working 

' J. S. Anderson, Opt. fioc. Tranft., 1020, xxi. 106. 

• Mercury potassium Iodide is used- 


adjusted until its refractive index for 0 is 
nearly equal to that of tho speoimen. This 
can be rapidly clone, before the coll is placed 
in position on tho rofractomotor block, by 
altering tho strength of the liquid until tho 
imago of an object (preferably illuminated by 
rod light) soon through tho specimen and the 
liquid very nearly coincides with tho image 
seen through the liquid alone. When the 
coll is in position, the spooimon is mounted 
in such a way that it intercepts part of the 
beam of light which passes through the liquid. 
In general, therefore, two images of tho spider- 
lino will bo seen in tho mioroscope ; the one 
which is formed by the light which traverses 
the specimen and the liquid will be fairly well 
defined only if the speoimen is regular in shape 
(such as a lens or prism). The drum of the 
monoohromatio illuminator is now rotated 
until the two images are brought into coin- 
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cidence and the scale reading s is noted. 
The prism R^ is then s-wung out of position 
and the scale reading r on the micrometer 
drum of the Pulfrich refraotometer, corre- 
sponding to the refractive index of the liq^uid 
for the C line, is determined. The reading 
8 can be made from a position in the neigh- 
bourhood of T and M by placing a reflecting 
prism and lens combination above the drum 
of the monochromatic illuminator, the scale 
being illuminated by a flash-lamp bulb. 

The concentration of the liquid is next 
altered slightly by mtroducing a drop of liquid 
of somewhat higher or lower refractive index, 
as the case may be, and the observer waits 
until the mixture is made homogeneous by 
stirring. Two images of the spider-line will 
again be seen, and their separation will depend 
on the effective angle of the edge of the 
specimen used and on the difference of index 
of the liquid caused by the addition of the 
drop. In order to get as great a separation 
as possible it is therefore advisable to adopt 



So ^ 

r 

.PIO. 2. 

such an orientation of the specimen as to 
present a maximum effective angle in the 
path of the beam. The wave-length of the 
light is now altered until the scale readings 
8 and r are determined, the latter corre- 
spondmg to the refractive index of the new 
mixture for the C line. The process is repeated 
for two or three difierent concentrations of 
the liquid, its refractive index being varied 
by small steps. 

The pairs of values of a and r thus obtained 
are now plotted and a curve is drawn through 
the points. From this curve the value of r, 
which corresponds to the scale reading s for 
the wave-length of the hydrogen C line, is 
determined ; this value of r then gives the 
angular reading on the refraotometer which 
would have been obtained if a mixture with 
the same refractive index as the specimen for 
the C line had been made up. The reason for 
plotting values of s and r, and not the values 
of the wave-lengths and the refractive indices, 
is that the curve thus obtained is a straight 
line, provided that the scale of the mono- 
chromatic illuminator is an evenly divided 
one. On this account only a few sets of 
readings are necessary for each determina- 
tion of refractive index. 

A similar process to the above is applied 


in the case of the other wave-lengths oiuployod, 
namely those corresponding to tlio sodium 
Dj and hydrogen F linos. In the case of the 
former the rofractometer settings are made 
for the sodium Dg line, and a correction has 
to be made in order to obtain the index for 
the Ti lino. 

Method (ii.). — ^Tho second method that was 
adopted for determining the balance points 
is similar to tho one jtist doscribod, but is 
somewhat more sensitive. The optical system 
employed is shown in ^'ig. 1 a . Tho imago 
Sg of tho vertical si)idor-lino stretched across 
the second slit Sg of tho monochromatic 
illuminator is formed by two lenses and 
L 4 , one on either side of tho coll (> tho beam 
of light which passes through tho liquid being 
rendered parallel by tho Ions Lg. One advan- 
tage of using this system rather than tho one 
shown in Mg, 1 is that a higher power micro- 
scope may bo employed, since its working 
distance is not limited by tho interposition 
of tho coll between S 3 and tho microscope 
objootivo. A small right- 
s' angle prism R is attached 
■ to tho (>bj(^c*tivo of tho 
mioroscopo M so as to 
bring tho eyepiooo of 
the latter into close 
proximity to that of 
tho rofractometor tclo- 
scopo T. 

Both of those methods 
(but ciHp(^cially tho latto) 
aro very convenhmt for 
obsc^rving tho balance 
point, particularly when the specimen under 
examination is in tho form of a kins or 
prism. Attention may again bo directed to 
the fact that, in order to obtain the greatest 
accuracy with any given specimen, the 
greatest offoctivo angle of tho spooimon shoukl 
bo utilised, so as to give a inaximurti dollec- 
tion of tho imago formed by the light wlihih 
passes through tho glass and the Ikpiid. 
Thus, for example, in the case of a flat k^ns 
the specimen should bo inounUid edgewise 
in tho beam of light, for with such an orienbi- 
tion it is practically e<iuivNilent to a thin 
prism of largo angle. 

A modification of method (ii.), whereby the 
beam of light is made to pass twice through 
the spooimon, and thus give double the 
deviation, is shown in Mg, % ITio second 
slit S 2 of tho monochromatic illuminator is 
placed at tho focus of tho Ions hg, so that a 
parallel beam of light is caused to pass through 
the cell C. This beam is refl(^cted back by a 
plane mirror A, slightly incliiUKl to the beam, 
and after again traversing tho cell is brought 
to a focus at S 3 , a small right-angle prism H 
being inserted so as to deflect the light through 
90®. Tho spider-line imago formed at S 3 is 
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then observed by means of a microscope M. 
The mirror A may be mounted on a table 
which can be swung out of position when the 
refractometer measurements are being made, 
or it may be fixed in such a way that the beam 
of light from the hydrogen tube H passes 
underneath it. By placing the mirror at a 
small angle to the beam, the rofiected light is 
brought to a focus at the side of the slit S^, 
thus involving less loss of light than if a hali- 
silvered mirror were used instead of the 
prism R, and, further, the images formed 
t>y light reflected from the walls of the coll 
do not disturb the main image which is to bo 
observed. 

Method (iii.), — Andither method, which is 
convenient to employ in the case of lenses and 
prisms, the edges of which form fairly largo 
effective angles, is illustrated in Fig. 3, A 


intersect corresponds then to the wave-length 
for which the rofraotivo indices of the liquid 
and the specimen aro equal. This method is 
a very pleasant one to work with, but it does 
not give such accurate results as the previous 
ones, unless the angle of tlio s])ociinon is fairly 
large. With specimens of small angle it is 
sometimes rather difficult to detormino the 
point C with accuracy, as the region round C 
is filled with systems of fringes. 

Method (iv.). — Another method of observing 
the balance point is similar to the one employed 
by R. W. Cheshire, and is ospocially convenient 
in the case whore the specimen to bo examined 
is in the form of an irregular fragment. ''J?ho 
general arrangement of apparatus is the same 
as that shown in Fig. 1a, except that, instead 
of using a fine vortical spider-lino across the 
second slit of the monocliromatic illuminator, 
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Tigs. 3 and 3 a. 



piece of ground glass Gr is illuminated by a 
“ Rointolite ” tungsten aro R, and a very fine 
wire or spider-line W is mounted horizontally 
on tho other side of the ground glass. An 
imago of tlxis wire is formed across tho slit 
of a spectrometer by moans of two lenses 
Ljj and L4, tho wire l>emg at the focus of the 
former. Tho cell C is mounted in the i)ath of 
tho parallel beam of light between and L^, 
tho general arrangement of apparatus being 
much tho same as in the previous method. 
The specimen is mounted in such a way tliat 
its edge intercepts tho upper half of tlio beam 
of light which i)assos through tho liquid in 
the cell. Before the specimen is immersed 
in tho liquid one sees in the spectrometer a 
spectrum traversed horizontally by a fine 
dark lino AA {Fig. 3a), corresponding to the 
point on tho slit whore the imago of tho wire 
W falls. If, now, tho specimen is })laced in 
position, another dark lino BB will bo observed. 
This lino, which is straight if the specimen 
is a prism and approximately straight if it 
is a lens, makes an angle with the lino AA 
depending on tho effective angle of tho speci- 
men. The point C where those two linos 


tho slit is narrowed and a fine 
wire or 8i)ider-lino is made to 
coincide at 83 with the imago 
of tho slit formed by tho light 
which travei*so8 the immersion 
liquid alone. No obst^rving microscope is 
required ; on placing oru^’s (iy(» boliiud 
the wire at no light roa(sli<m it unh^ss 
tho refractive indices of the liquid and the 
specimen arc different. The metliod of obser- 
vation is, therefonv to altc^r tho wave-length 
of the light tnitil the spo(umon suddenly dis- 
appears in the field of view. This modification 
of tho shadow method does not, of (lourso, give 
such accurate results as Oheshire’s inotho<l, but 
it has tho advantage of grcvitor oompactnems 
and, in combination with the rest of tho process, 
of greater available intemsity. 

Method (v.). — One of the most accurate 
methods of obsc^rving tho balance point is to 
make uso of an interforometor system.^ For 
tho sake of simplicity this may bo built up 
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on the plan of the Rayleigh interference re- 
fraotometer.^ Preliminary experiments carried 
out some years ago with a Miohelson inter- 
ferometer system showed that very accurate 
determinations of the equality of refractive 
index could be obtained. The method, how- 
ever, necessitates the employment of an 
opticahy accurate, parallel-sided cell, and the 
system must be mounted in such a way that 
it is free from vibration. For most purposes, 
therefore, the increased sensitivity does not 
compensate for the more rigorous conditions 
required. The method would, however, be 
extremely useful for detecting and measuring 
small variations of refractive index in speci- 
mens of irregular shape. 

In experiments with prisms having angles 
of about 12-5° the results obtained by using 
method (u.) were found to give for the C, D^, 
and F lines a mean error of about 6 units in 
the fifth decimal place, though this error may 
be somewhat reduced by modifications of the 
optical systems employed. 

In conclusion, it is interesting to note that 
the principle of immersion refraotometry is 
used in mineralogy for determining the refract- 
ive indices of mineral fragments.® j, s. a. 


Indibbot Lighting. See “ Photometry and 
Illumination,” § (71). 

Indoor Lighting. See “ Photometry and 
Illumination,” § (71). 

Indtjotion Coil: an open-core, high-tension 
static transformer with independent inter- 
rupter. See “ Radiology,” § (16). 
Infra-red, wave-length measurements in the. 
See “ Wave-lengths, The Measurement of,” 

§( 7 ). 

INFRA-RED TRANSMISSION AND RE- 
FRACTION DATA ON STANDARD 
LENS AND PRISM MATERIALS 

§ (1) Introdtjotion.* — This paper gives exact 
data on the spectral transparency and, in 
particular, the refractivity of materials which 
are useful for prisms and lenses for spectro- 
radiometers. 

The data on refractive indices were taken 
from smooth curves drawn through values 
which were collected from various sources 
and reduced to a common temperature. 

It is important, especially in work of the 
highest precision (such as, for example, the 
determination of the constant of spectral 

^ Lord Rayleigh, PhU. Mag., 1917, xxxiii. 161. 

* H. A. Mlers, Mineralogy, 1902, 259, 260 : F. B. 
Wright, Joum. Washington Acad, of Sr.., 1914, iv. 
3R9 ; B. S. Larsen, U.S. Oeol. Survey, Bulletin 679, 
1921. 

* With special reference to Infra-red Spectro- 
radiometry. 

^ References are given in a classified bibliography 
at the end of this paper. 


radiation), to use the most precise instruments 
and optical data available. It is therefore 
relevant to discuss very briefly some recent 
designs of optical instruments suitable for 
spectroradiometry. 

The pioneering investigation of the infra-red 
refractive indices of a substance dates back 
to 1886 when Langley determined the disper- 
sion of rock salt to about 6/a. In these deter- 
minations a spectrometer having an image- 
forming mirror of long focal length was used. 
In subsequent determinations of the refractive 
indices of rock salt and of fluorite, the imago- 
forming mirror of the spectrometer used by 
Langley had a focal length of 4 to 4-7 metres. 
The apparatus was in a large enclosure which 
could be maintained at a constant temperature. 
Langley (19)* was therefore justified in calling 
attention to the very high precision attainable, 
“ owing, ji to no other reason, to the far 
greater size of the apparatus employed, 
where size is a most important element of 
accuracy.” Other experimenters (20, 23, 

24), using his methods but having spectro- 
meter mirrors of only about one-twelfth the 
focal length, have attempted to produce 
similar data which, unfortunately, have boon 
given the widest recognition in tables of 
physical constants. These published results, 
especially the older ones, have boon very 
confusing to the writer who, for some years, 
has been confronted with the task of obtaining 
reliable refractive indices. 

The recent measurements on rock salt (26) 
and on fluorite (28) by Paschen, when corrected 
for temperature (33, 34), are in agreement 
with Langley’s (19) measurements. The 
numerical values, given in the present pa])er, 
have been adopted after a careful study of 
all the data available. 

§ (2) The Spbotroradiomwtbr. — For 
measuring thermal radiation intensities in the 
ultra-violet part of the spectrum one may 
use a spectrometer having achromatic lenses 
of quartz-fluorite. However, the scarcity of 
clear fluorite for large -sized lenses makes 
such apparatus very expensive. 

Pfliiger (1) used simple lenses of fluorite 
4 cm. in diameter (32 cm. focal length) and a 
fluorite prism. An inexi)en8ivo spectroradio- 
meter of high light-gathering power was made 
by Coblentz (2) by using simple plano-convex 
lenses (6 cm. in diameter and 20 cm. focal 
length) and a prism of quartz. Pfund (6) 
has described similar aj)paratuH in which the 
radiometer is kept in focus automatically in 
different parts of the spectrum. 

The apparatus may bo designed also as an 
illuminator for separating the visible from the 
ultra-violet of, for example, the sun or a 
quartz mercury vapour lamp (4). 

For spectroradiometric measurements in the 
visible spectrum and the infra-rod to about 
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0-8/4 we caa use a spectrometer with visually 
aohromatised lenses of glass. Here, also, it is 
desirable to use apparatus having a high 
light-gathering power, such as one obtains 
with lenses 6 cm. in diameter and 20 cm. 
focal length (2, 3, 4). 

A common property of all metals is a low 
reflectivity in the ultra - violet and in the 
violet- blue part of the visible spectrum (15, 
16, 17). Furthermore, the spectral reflect- 
ivity in the short wave-length is greatly 
reduced on tarnishing of the metal Hence 
concave mirrors of metals have never been 
used extensively for speotroradiometric 
measurements in the visible and in the ultra- 
violet spectrum. 

Because of the lack of achromatism (and 
the opacity of the material) lenses of glass, 
quartz, fluorite, etc., achromatised for the 
visible spectrum, have nob been used exten- 
sively in infra-rod speotroradiometric work- 1 


by Paschon (29), and by Coblentz (39), who 
gives also the numerical factors for eliminating 
the absorption in a wedge of quartz. 

It is beyond the scope of this paper to 
discuss the construction and operation of the 
instruments (bolometers, thermopiles, etc.) 
used for measuring the thermo<l radiation 
intensities. References are given in the 
appended Bibliography (10) on “ Radiometers.” 

§ (3) Spioteombtbr Calibiiatioit. — In most 
spectroradiometric wort it is necessary to know 
the \vave-length8 at which the thermal radia- 
tion intensities are measured. In the visible, 
spectrum it is an easy matter to note the 
spectrometer settings for the emission lines 
of some source {e.g. the mercury arc or 
helium gas in a Plucker tube), the wave- 
lengths of whose emission lines are known. 
Similarly in the ultra-violet the omission 
lines of moroury, cadmium, zinc, etc., may be 
noted with a fluorescent canary glass screen. 



Lehmann (46) has doscribod an infra-red 
spectrograph achromatisod for X=: 0-58916 and 
X=1-52V 

A concave mirror is achromatic (also 
astigmatic) and hence spoctro motors with 
collimating and imago - forming mirrors, 
instead of lenses, have boon used almost 
oxolusively for infra-red spectral radiation 
intensity moasuroinonts. In the infra- rod 
spectrum beyond 2/4 most of the metals 
have a very liigh roflooting power (90 to 
98 j)or cent), ami concave metal mirrors, or 
motal-on-glass mirrors arc, therefore, especially 
useful for infra-red investigations. 

Recent designs of flpootromotors having 
collimating and imago - forming mirrors are 
described in papers by Coblentz ((J) and by 
Gorton (0). Vacuum spootromoters have 
been doscribod and used by IVowbridgo (7) 
and by McCauley (8), 

In order to obtfiin tho spectral energy 
^stribution of an incandescent substance it 
is necessary to correct the observations for 
absorption of radiation by the mirrors and by 
the prism. The proper formula for eliminat- 
ing tho absorption in a wedge *is given 


or radiometrically with a thermopile (1) or 
bolometer. 

The spectrometer circle may be calibrated 
for wavo-longths in tho infra-rod spectrum to 
l/u by noting tho omission linos (12) of sodium 
and potassium in a carbon arc ; also tho omis- 
sion linos of a quaitz mercury vapour lamp 
and helium in a vacuum tube. 

Beyond 2/a, whore the omission lines are 
usually weak (oxoo])t tho strong omission 
band of carbon dioxide at 4-4/4 in the hunsen 
flame) one can calibrate the ])ri8m by noting 
sharp absorption bands (13, U) such as, 
for example, the bands of sylvite, KCl, 
illustrated in Figf, 1. 

For work requiring groat accuracy the 
proper method of calibration is by calculating 
tho minimum deviation settings for different 
wavo-longths, using the refractive indices and 
tho angle of tho prism. For this purpose the 
yellow sodium linos, or, bettor, the yellow 
helium lino, \= 0-5875/4, is used os a reference 
point on the spectrometer circle. The mini- 
mum deviation settings for the various infra- 
red wave-lengths are computed from the 
corresponding refractive indices, and referred 
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to the yellow helium line aa a, basis. After 
this the bolometer or thermopile is adjusted 
upon the yellow helium line, then on rotating 
the spectrometer through a certain angle, 
say 2®, the corresponding wave-length is, 
say,, 6/£, while a rotation of 4® places the 
bolometer at about 8*7/i in the spectrum of a 
60® fluorite prism ((6), p. 49). 

Elimination of Scattered, Radiation in Spec- 
tral Energy Measurements . — In the design of 
optical instruments there are opportunities 
for great improvement in this respect. Take, 
for example, the image-forming telescope of 
a spectrometer. The telescope tube should 
be large and suitably diaphragmed so that 
when the violet end of the spectrum is incident 
upon the radiometer receiver the infra-red 
end of the spectrum cannot be reflected from 
the side of the tube and impinge upon the 
receiver. Furthermore, the bevelled edges of 
the exit slits of the spectrometer should face 
outwards (18) instead of facing the image- 
forming lens, as obtains in commercial instru- 
ments. 

By using suitably constructed optical in- 
struments the scattered radiation is practically 
eliminated. What .little remains may be 
obviated by using, before the entrance slit of 
the spectrometer, a shutter (22, 5, 18), which 
is opaque to the region of the spectrum under 
investigation, but which transmits the scattered 
radiations. In this manner the scattered 
radiations are incident upon the radiometer 
all the time and, hence, do not affect the 
energy measurements. Using a spectrometer 
which is provided with slits and diaphragms, 
as just mentioned, it has been found (4) 
that the scattered radiation was immeasur- 
able in comparison with the intensities under 
investigation. 

§ (4) Optical Constakts of Glass. — ^In the 
ultra - violet end of the spectrum, ordinary 
crown glass is transparent to about 0-3/4, 
while the flint-silicate glasses absorb strongly 
throughout the blue and violet end of the 
spectrum. 

In the infra-red spectrum all glasses (38, 
40) begin to absorb at about 2/4, and for a 
thickness of 1 cm. they are practically opaque 
to radiations of wave-length greater than 3/4. 
Glasses containing traces of iron impurities 
have an absorption band at IfjL, 

The refractive indices of various glasses 
have been determined by Rubens (20). He 
determined the refractive indices also of water, 
xylol, benzol, etc. However, in view of the 
fact that the refractive indices depend upon 
the composition of the glass, no refraction 
data are given in this paper. Practically no 
infra-red work is being done with glass prisms, 

§ (5) Optical Constants op Carbon Disttl- 
PHIDB. — Carbon disulphide is quite transparent 
i n the infra-red. In the region to 3/4 Rubens (20) 


found an absorption of only 5 to 7 x)cr cent for 
a 1 om. thickness. Boyond 4/4 there are a 
number of very large absorption bands (36). 

As illustrated in JFig. 3, carbon disulphide 
has a very much larger dispersion than quartz, 
etc., in the region of 0-5 to 2/4, and hence is 
especially adapted for certain fields of spectro- 
radiometry. 

The infra-red refractive indices of carbon 
disulphide were determined by Rubens (20). 
Those in the visible and in the ultra-violet 
were determined by Flatow(32). Rubons’s 
values of the infra-red refractive indices arc 
given in Table I. 

Table I 


Indiobs of Rbfbaotion op Carbon Bisulphidb 
nr Air at 16“ 0. (Rubens) 


Wave-lonfitliB. 
fx =0-001 mm. 

Itcfractivo 
Index, n. 

Lof? n. 

0-434.a 

1-6784 

•2248966 

0-485 

1-6660 

•2187980 

0-690 

1-6307 

•2123741 

0-G66 

1-6217 

•2099706 

0-777 

1-6104 

•mam 

0-823 

1-6077 

•2002050 

0-873 

1-6040 

■2064480 

0-931 

1-6026 

•2047080 

0-999 

1-6000 

•2041200 

1-073 

1-6078 

•2036224 

1-1G4 

1-6000 

•2030329 

1-270 

1-6040 

•2024883 

1-396 

1-6023 

•2020249 

1-662 

1-6006 

•2016337 

1-745 

1-6888 

•2()10(}()2 

1-998/4 

1-6872 

•200C317 


§ (6) Optical Constants of Quartz. — 
Quartz is one of the most useful materials for 
prisms. It is oxtromoly transparent to ultra- 
violet radiations. Pflugor(41) found a trans- 
mission of 94 por cent at ()-222/t and (J7 ])or 
cent at 0*180/4, for a sample of crystallino 
quartz 1 cm. in tliic^kness. Homo saniples of 
amorphous quartz have been found to bo 
more opaque than (-.rystallinc (piartz ; but 
this may bo the result of contamination in 
melting. 

The infra-red transmission of quartz has 
been doterminod by Vvarious obw^rvers. A 
characteristio absorption band occurs at about 
2*96/4. A sample 1 cm. in tlucskncss is prac- 
tically opaque (38) to radiations of wave- 
length greater than 4/4 (see Pig. 1). 

The absorption, refleetum, and di.sporsion 
constants of quartz are given in a paper by 
Coblentz (39), who determined the trans- 
mission of Bam]>los 3 cm. in thioknesH. Tho 
paper gives also factors for olimiiuiting the 
absorption in a quartz prism. 

In the short wave -lengths tlio refractive 
indices of quartz have boon dotormined by 
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Martens (31). In the infra-red there are 
important determinations by Rnbens (21, 23), 
Carvalio (35), and Paschen (27). Carvallo’s 
data extend to 2-2ya, and in the region of 1*45 
to 1-8/1. they are slightly lower (by several 
units in the 5th decimal place) than three 
determinations made by Paschen. In this 
region of the spectrum the data must there- 
fore be considered uncertain with the doubt 
in favour of Carvallo’s data. This uncertainty 
affects Warburg’s (43) determination of the 
spectral radiation constant by perhaps 0-2 to 
0-4 per cent. 

The refractive indices (ordinary ray) of 
quartz at 18° C. are given in Table II. They 
are taken from a graph of sufficient size to 
permit reading the data to 1 or 2 units in the 
fifth decimal place. In many cases the values 
agree exactly with Carvallo’s measurements. 
Paschen’s data may be recognised by the fact 
that his wave-lengths are given to the fifth 
decimal place. 

§ (7) OmoAL Constants op PntroBiTE. — 
Fluorite is very transparent to radiations of 
wave-lengths extending from 0*2/>t to 10/a (see 
Fig. 1). Pflfiger (41) found a transmission of 
86 per cent at 0 23/a and 70 per cent at 0- 186ft, 
for a sample 1 cm. in thickness. Lyman (42) 
examined fluorites from various sources, and 
of various colours, and found that they are 
opaque to radiation of wave-lengths loss than 
about 0-12^. Coblontz (38) oxaminod green 
fluorites with a view of determining their 
suitability for prisms. He found numerous 
sharp absorption bands, in tho infra-red, 
which would render such material unsuitable 
for prisms. 

Tho refractive indices of fluorite have boon 
determined by various observers (21, 23), 
and repeatedly by Paschen (23, 24, 25, 28). 
Applying temperature coefficients of refrac- 
tion (33, 34), it is ft)und that l?asohea’s 
determinations, especially tho latest ones (28), 
which were obtained with an improved spectro- 
meter, coincide with tho dispersion curve (^f 
fluorito dotorminocl, to 3‘5/a, by Langley (19). 
Beyond 4/a tho dispersion of fluorite is much 
larger than at 1-5 to 2/a, and there is bettor 
agreement among tho various dotorminatioiis 
of the refractive indices. Furthermore, slight 
deviations have less ofEoct upon spectral radia- 
tion measurements. 

In Table III. tho refractive indices of fluorite 
to 3‘5/t are taken from tho smooth curve 
published by Langley (19). In many cases 
Paschen’s original wave-lengths retained. 
As already mentioned, tho corresponding re- 
fractive iiidicoa, when corrected for tempera- 
ture of the prism, fall exactly upon Langley’s 
curve of refractive indices. 

Beyond 3*5/a tho refractive indices are taken 
from the smooth curve (extended from 3/a) 
through tho various detorminatiems of Paschen 


Tablk II 


Indices op 11bfba.otion op Quartz in Am 
AT 18° C. (CAHVALIiO, I’ASCHICIT) 


Wavc-lengdhs. 
jii. =0-001 xnni. 

liefractivo 
Index, n. 

Log 71 . 

0-54609/a 

1 -64617 

•1892673 

0-58768 

1-64430 

•1887317 

0-68932 

1-64424 

•1887148 

0-61677 

1-54323 

•1884306 

0-66784 

1-64154 

•1879548 

0-6731 

1-64130 

•1879126 

0-6960 

1 -.54078 

•1877407 

0-70664 

1-64048 

•1876661 

0-72817 

1-63996 

-1876066 

0-7711 

1-63896 

•1872246 

0-8007 

1-63834 

•1870623 

0-8326 

1-63773 

•1808801 

0-84467 

1-63762 

-1808203 

0-8671 

1-53712 

■1807078 

0-9047 

1-53649 

•1805293 

0-9460 

1-63683 

•180.3432 . 

0-9914 

1-63614 

•1801480 

1-01406 

1-53486 

-1800405 

1-0417 

1-63442 

•1859443 

1-08304 

1-63390 

•1857970 

1-0973 

1-63366 

•1867291 

1-12882 

163328 

•1856214 

1-1692 

1-63283 

•1864940 

1-17864 

1-63263 

•1864373 

1-2288 

1*63192 

•1862361 

1-3070 

1-63090 

•1849468 

1-3196 

1-63076 

•1849071 

1-3686 

1-63011 

•1847226 

1 -3958 

1-62977 

•1846162 

3 -4210 

1-62942 

'1845268 

1-47330 

1-62879 

•1843478 

1-4792 

1-62805 

•1843081 

1-4972 

1-62843 

•1842427 

1-52961 

1-52800 

•1841234 

1-5414 

1-52782 

•1840722 

1-6087 

1-62687 

•1837021 

1-0146 

1-62680 

•1837822 

1-0816 

1-52686 

•1835118 

1-7487 

1-52486 

•1832300 

1-70790 

1-52402 

•1831010 

1-8487 

1-52335 

•1827097 

1-0457 

1-52184 

■1823090 

2-0533 

1-52005 

■1818570 

2-0f)262 

1-51901 

-1818178 

2-1719 

1-51790 

•1812089 

2-35728 

1-51449 

•1802064 

2-3840 

1-51400 

•1803269 

2-4810 

1-61200 

■1706618 

2-675 

3-51100 

•1792045 

2-05194 

1-60824 

•1784704 

2-79927 

1-50474 

•1774014 

3-0i>393/A 

1-49703 

■1752306 


(26) and Rubens (20). All those data are 
reduced to 20° C. 

Langley’s data are referred to the “ A lino,” 
X= 0‘7604/a. TIlo most convenient xoferonoe 
point for adjusting a speotroradiometcr in the 
spootrum is tho yellow helium Hnc,X= 0‘58758/a. 
Until recently, when Paschen (28) determined 
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Tablib in 


l-NDICBS OB’ REIBACTIOIT OP FlUOEITE IN AlR AT 

20^ 0. (Langley, Pasohbn, Etjbbns) 


Wave-length. 

Refractive 
Index, n. 

Logn. 

0-48616, aH^ 

1-43704 

•1574696 

0-68768 He 

1-43388 

•1665120 

0-68932 Ha 

1-43384 

•1564995 

0-66630 Ha 

1-43249 

•1560916 

0*68671 

1-4320O 

•1569430 

0-72818 He 

1-43143 

•1667601 

0-76653 K 

1-43093 

•1566184 

0-88400 

1-42980 

•1662763 

1*0140 Hg 

1-42884 

•1549836 

1-08304 ‘ He 

1-42843 

•1648689 

1-1000 

1-42834 

•1548316 

1*1786 

1-42789 

-1646948 

1-260 

1-42762 

■1646822 

1 37.50 

1-42689 

■1643906 

1-4733 

1-42642 

•1642474 

1-6715 

1-42696 

•1641073 

1-6.60 

1-42668 

•1639916 

1-7680 

1-42602 

•1638210 

1-8400 

1-42468 

•1637173 

1-8688 He 

1-42454 

■1636747 

1-900 

1-42439 

•1636274 

1-9153 

1-42431 

•1636046 

1-9G44 

1-42407 

•1636313 

2-a682 Ho 

1-42360 

•15.33880 

2 -0026 

1-42367 

•1533’?89 

2-1608 

1-42306 

•1532232 • 

2*260 

1-42268 

•1630766 

2*3673 

1-42198 

•1528936 

2-460 

1-42143 

•1627266 

2-6637 

1-42080 

•1626329 

2-6619 

1-42018 

•1523400 

2-700 

1-41988 

•1622517 

2-760 

1-41966 

•1621538 

2-800 

1-41923 

•1520528 

2-860 

1-41890 

•1619518 

2-9466 

1-41823 

•1617467 

3-0600 

1-41760 

•1616231 

3-0980 

! 1-41714 

' -1614128 

3-2413 

1-41610 

•1510939 

3*4000 

1-41487 

•1607134 

3*6369 

1-41376 

•1603788 

3*8306 

1-41119 

•1495866 

4-000 

1-40963 

•1491051 

4-1262 

1-40837 

•1487476 

4-2500 

1-40722 

•1483620 

4-4000 

1-40568 

■1478864 ■ 

■ 4-6000 

1-40367 

•1472341 

4-7146 

1-40233 

•1468602 

4-8000 

1-40130 

•1465311 

5-000 

1-39908 

•1468426 

5-3036 

1-39522 

•1446427 

5-8932 

138712 

•1421141 

6-4825 

1-37824 

*1393312 

7-0718 

1-36805 

■1361020 

7-6612 

1-35675 

*1324998 

8-2606 

1-34440 

•1285290 

8-8393 

1-33076 

•1240966 

9-4291/4 

1*31605 

*1192724 


the refractive index of this line, there has been 
some uncertainty in. infra-red spectral radia- 


tion measurements (44) requiring the highest 
accuracy. An error of 5"' (or ?^=3 x 10-®) in 
the determination of this refractive index 
afiects the constant of spectral radiation by 
0*3 per cent. 

The dispersion curve of fluorite is illustrated 
in Figs, 2 and 3 (from Rubens). 

In the infra-red the variation of the refractive 



index of fluorite (34) with temperature de- 
creases slowly with wave-lengths. At 1/4 the 
coefficient of variation amounts to about 
An=0’00(X)12 and at 6-5/4 it amounts to about 
An=0’(X)0009 for 1° rise in temperature. 



§ (8) Optical Constants of Rocjk Salt.— 
Rock salt is uniformly transparent from 0 - 2/4 
in the extreme ultra-violet (41) to 12/t in the 
infra-red (23) (see Fig. 1). In the region of 
15/4 the absorption increases rapidly. A ])lato 
of rock salt 1 cm. in thickness is completely 
opaque (22) to radiation of wave - lengths 
greater than 20/4. The refractive indices of 
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rook salt have been determined in the short 
wave-leagths by Martens (30, 31), and in the 
infra-red by Langley (19), by Rubens (21, 22), 
and by Paschen (26). In the region of 1 to 
3/i there is considerable disagreement among 
the older determinations. However, the re- 
cent work of Paschen (26) is in excellent 
agreement with Langley’s measurements, 
which are, without doubt, very accurately 
determined. 

The infra-red refractive indices of rock salt, 
at 20®, are given in Table IV. The first part 
of the table, to 6ya, consists principally of 
Langley’s (and Paschen’s corrected for tem- 
perature) measurements as read from the 
smooth curve ((19), p. 235, Plate XXIX.). 
Beyond S/x, to 16/*, the refractive indices are 
principally Paschen’ s measurements corrected 
for temperature (34) ; also some of Rubens’s 
measurements and several interpolated values. 

The temperature coefficient of refraction 
of rook salt (19, 33, 34) decreases slowly 
with wave - length ; amounting to about 
= 0-000038 at 1/* and An =0-000025 at 
9/* for 1® rise in temperature. 

The general outline of the dispersion curve 
of rock salt is illustrated in Mg. 2 (from 
Rubens). 

§ (9) Optical Constants of Sylvttb. — Of 
all the substances which are otherwise suit- 
able for prisms, sylvite, KOI, is transparent 
throughout the greatest part of the infra-red 
spectrum. A plate 1 cm. in thickness trans- 
mits (22) radiations to 24 /a (see Mg. 1). In 
the region of 5/* to 10/* the dispersion is 
small. Furthermore, there are sharp absorp- 
tion (11, 13) bands at 3-18/c and 7-08/*. 
Hence sylvite is the most useful for investiga- 
tions in the region of the spectrum extending 
from 10 to 20/c. 

In the short wave - lengths the refractive 
indices of sylvite have been determined by 
Martens (31). In the infra-red wo have 
various determinations by Rubens (22) (with 
Michols and with Trowbridge), by Trow- 
bridge (45), and by Paschen (26). 

The infra-red refractive indices of sylvite 
are given in Table V. They are road from 
a smooth curve (practically Pasohen’s curve) 
drawn through the various determinations, 
all of which are in close agreement, except at 
9 to ll/c, whore the older determinations do 
not agree very well with Paschen’s data. 

The temperature coeflficient of refraction of 
sylvite observed by Liobreich (34) decreases 
from 

An-=0-0000364 at X = 0*689/* to 
=0*000031 at\=8*86//.. 

§ (10) Summary ; Compaeisok of Dis- 
PERflivB Matemals.— -I n Mg. 3 is given the 
width that a radiometer receiver, of 4' of arc, 
subtends in wave-lengths, in different parts of 


Table IV 

Indices op Rbvraotion of Book Salt nr Air 
AT 20° C. (liANOLBr, Pasohen, Rubens) 


"Wave-length. 
0-001 mm. 

Refractive 
Index, n. 

Log n. 

0*6893/4 

1-54427 

•1887232 

0-6400 

1-54141 

•1879182 

0-6874 

1-53930 

•1873233 

0-7604 

1-53682 

■1866230 

0-7858 

1-53607 

•1864110 

0-8836 

1-53395 

*1868112 

0-9033 

1-53361 

•1867149 

0-9724 

1-53263 

•1864090 

1-0084 

1-53206 

•1862768 

1-0540 

1-53163 

•1861256 

1-0810 

1-53123 

•1860404 

1*1068 

1-53098 

•1849696 

1-1420 

1-53063 

•1848702 

1-1786 

1-53031 

•1847794 

1-2016 

1-53014 

•1847312 

1-2604 

1-52971 

•1846091 

1-3126 

1-52937 

•1846126 

1-4874 

1-52846 

•1842612 

1-6662 

1-52815 

•1841660 

1-6368 

1-52781 

•1840693 

1-6848 

1-52764 

•1840238 

1-7670 

1-62736 

•1839414 

2-0730 

1-52649 

•1836960 

2-1824 

1-62621 

•1836142 

2-2464 

1-52606 

•1835716 

2-3660 

1-62579 

•1834947 

2-0606 

1-62512 

•1833040 

2-9466 

1-62466 

•1831730 

3-2736 

1-52371 

•1829024 

3-6369 

1-62312 

•1827341 

3-0288 

1-62286 

•1826600 

3-8192 

1-62238 

•1826231 

4-1230 

1-62166 

•1822891 

4-7120 

1-61979 

•1817836 

6-0092 

1-51883 

-1816092 

5-3009 

1-61790 

•1812432 

5-8932 

161693 

•1806792 

6-4826 

1-61347 

•1799738 

6-80 

1-61300 

•1796618 

7-0718 

1-61093 

•1792443 

7-22 

1-61020 

•1790346 

7-69 

1-50855 

•1786697 

7-0611 

1-60822 

•1784647 

7-9668 

1-60665 

-1780124 

8-04 

1-6064 

•1779403 

8-8398 

1-60192 

•1766468 

9-00 

1-60100 

•1763807 

9-60 

1-49980 

•1760333 

10*0184 

1-49462 

•1746308 

11-7864 

1-48171 

•1707632 

12-60 

1-47568 

•1689922 

12-9660 

1*47160 

•1677898 

13-60 

1-4666 

•1663117 

14-1436 

1*46044 

•1644837 

14-7330 

1-46427 

•1626460 

15-3223 

1-44743 

•1606976 

16-9116 

1-44090 

•1586338 . 

17-9.3 

1 -4149 

•1607267 

20-67 

1-3736 

•1378287 

22-3/4 

1 -3403 

•1272020 
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the spectram. produced by prisms of carbon 
disulphide, quartz fluorite, and rock salt. 
These data are required for reducing the 
spectral energy distribution from the prismatic 
into the normal spectrum (6). 

Table V 

Indices of Reeeaction op Sylvitb in Ara at 
16® 0. (Pasohbnt, Teowbeidgb, Rubens) 


‘From these curves it is evident that, in the 
repon of 0*6 to l* 5 yu, a carbon disulphide 
prism is the most useful for producing a large 
dispersion. 

^e next best prism material is quartz, 
which is the most useful in the region of the 
spectrum extending from the visible to 2*8/4 
in the infra-red. Beyond this point a quartz 
prism is too opaque for practical work. 


Wave-length. 

M ='0*001 mm. 

Refractive 
Index, n. 

log n. 

0*6893/4 

1-49044 

*1733146 

0*656 

1-48721 

*1723723 

0*7858 

1-48328 

*1712232 

0*845 

1-48230 

*1709361 

0*884 

1*48142 

1706782 . 

0*9822 

1*48008 

•1702862 

1*003 

1-47985 

•1702177 

1*1780 

1*47831 

*1697665 

1*684 

1-4765 

•1692335 

1*7680 

1*47695 

*1690717 

2*3673 

1*47475 

•1687184 

2*9466 

1-47388 

•1684621 

3*6369 

1*47305 

•1682164 

4*126 

1*47215 

•1679621 

4*7146 

1*47112 

•1676481 

6-3039 

1*47001 

*1673202 

6*50 

1*46962 

•1672060 

6*8932 

1*40880 

•1669627 

6*50 

1*46760 

•1665781 

7*00 

1*46626 

•1662080 

7 661 

1*46450 

•1666894 

8*00 

1-46350 

•1663927 

8*2505 

1-46272 

■1661642 

8*8398 

1-46086 

! *1646086 

9*600 

1*45857 

•1639273 

10*0184 

1-46672 

*1633760 

10*500 

1-46476 

*1627883 

11*00 

1-46263 

*1621650 

11*786 

1-44919 

•1611253 

12*50 

1-44670 

•1600782 

12-965 

1-44346 

•1694048 

14*144 

1-43722 

•1575232 

15*00 

1-4320 

-1669430 

16*912 

1-42617 

•1641713 i 

16*60 

1-42230 

•1629912 

17-00 

1*41885 

•1619365 

17*680 

1-41403 

•1504686 

18-10 

1*4108 

1494656 j 

19-00 

1*4031 

•1470886 

20-00 

1*3939 

-1442316 

20-60 

1*3882 

•1424520 ^ 

22*5/4 

1*3692 

•1364669 u 

2 


From the standpoint of dispersion and 
transparency, a fluorite prism is the most 
useful in the region of 2 /a to Oju, However, 
the material is difficult to obtain, and tlio next 
best substance is rock salt, which permits 
measurements to 14 yt 4 when using a 00° prism, 
and to 1(5/4 when using a 30 ° prism. By 
enclosing the spectrometer { 14 ) and by keeping 
the prism covered when not in use, the faces 
of a rock-salt prism are easily protected from 
moisture. 

There are few but sylvite prisms in oxistoiico, 
and their usefulness is confined to that i>art 
of the spectrum extending from 10 to 20/4. 
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Iistq'Xrxjments, CmEP Musical, Compasses op. 
“ Sound, § (25). 

InSTTiEO-RATINO HEMISPHERE PHOTOMETER. Soe 

Photometry and Ulumination,” § (120). 

Photometers: devices for ob- 
■ba-iiiing tho average candle-power of a light 
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See “ Photometry and Illumination,” § (45) 
sqq. 
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^HE. See “ Spectroscopy, Modem,” § (4). 
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measuring. See “ Radiology,” § (26). 
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§ ( 26 ). 
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^Photographic methods of measuring. See 
ibid. § (26). 
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tions,” § (5). 
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iSoo “Wave-lengths, Tho Measurement of,” 

§ (:J). 


XlSTTERFimOMETERS : TECHNICAL 
ATPLIOATTONS 

I. Inter PK iumcufl Fringes 

§ (1 J Intro DTJOTORY. — ^In utilising interferonco 
motliods in Optical Test worh wo are always 
cortoomod witlx nearly parallel ])latos, or with 
arrfi..iigomonts which arc oi)tdcaUy equivalent 
tf> -fchem. Tho (character of tho interforonce 
fringes obtainable from such plates depends on 


the method of illumination and tho method 
of observation. They can conveniently bo 
divided into three classes. 

Class I.— If a plate is illuminated by a 
broad source of light ^ and is viewed by the 
naked eye from a convenient distance, the 
rays which reach the eye from different points 
of tho plate are reflected from the surfaces of 
the latter at different angles. The. path 
difference between the rays reflected from 
the two surfaces at any point =2/i^cosr, 
where r is the angle of incidence on tho back 
surface, y. tho refractive index, and t tho 
thickness of the plate. For a complete treat-, 
ment of tho fringes produced under such 
circumstances tho reader should consult 
Mann’s Manual of Advanced Optics or 
Micholson {Phil. Mag., 1898). For our present 
purpose it is sufficient to note that tho 
fringes will be tho loci of points for which 
2/^i^ cos r is constant, and therefore indicate 
variations of p, t, or r jointly or separately. 
If t is very small, i.e. for extremely thin films, 
tho variation of phase clue to the variation 
of r at different points of tho film may bo 
negligible, so that if the optical thioknoss ixt 
is uniform the fllm will appear uniformly 
dark or bright all over. If either a or t vary, 
fringes will be seen which are the loci of equal 
optical thickness. 

If the thickness is appreciable, however, the 
variation of phase due to the varying angle 
of incidence becomes of importance, and for 
any but quite thin plates the fringes are 
practically loci of points from which the light 
reaching the eye meets the plate at equal 
angles of incidence. With a plane par^lol 
plate they arc circles concontiic with tho normal 
from tho eye to the j)lato and are located at 
infinity- If the surfaces ai’o not parallel, the 
fringes arc still cii'clea or arcs of circles, hut 
their centres are displaced from tho normal. 
If tho BurfacoH arc irregular, or if tho material 
of tho fllin is nob i)orfecbly homogoneous, so 
that from ono or both of these causes there 
arc local variations of there will bo local 
distortion of tho circular fringes at these 
points. Such irregularities will only bo 
noticeable, however, near tho centre of the 
system where tho fringes are not too close 
together. With any but th<^ thinnest films 
tho fringes become so closely packed, as the 
ineidenoo angle increases, that they are only 
visible in tho noighbouthood of normal 
incklenco. 

To summarise, tberoforo, fringes of Class I. 
are formed in such circumstances that .the 
light corresponding to each point in tho 
fringe system roaches tho oye from separate 
points (or relatively small regions) of the 
film, and is reflected from the latter at varying 

* Except where otherwise specified, the light is 
assumed to be monochrenoatio. 
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angles. Except for extremely thin films, the 
fringes are mainly loci of equal incidence 
angles, being very slightly affected in shape 
and position by variations in film thickness. 

Class n.— Instead of viewing the fringe 
system at infinity with the naked eye, as 
supposed in the preceding discussion, we may 
employ a telescope of large aperture focussed 
for infinity, so that for aU parts of the field 
of view light from the whole surface of the 
fihn is received by the telescope. The fringes 
are then purely loci of equal inclination, and 
are unaffected in shape or position by varia- 
tions in the optical thickness of the film. Thus 
if the telescope is directed normally to the 
film, circular fringes coucentric with the axis 
will be seen in the focal plane of the eye- 
piece. Since, at any point in this plane, light 
from the whole of the film is focussed, the 
phase at any such point depends on the mean 
film thickness and the angle of incidence of 
the beam. Any variations in film thickness 
contribute their effect equally to aU points 
in the fringe system, which therefore indicates 
the inclination of the rays only, and tells us 
nothing about the flatness, homogeneity, or 
parallelism of the film. 

If, however, fji.t varies much, the distimtness 
of the fringes will he impaired; for we can 
regard the resultant illumination at the focal 
plane of the telescope in such a case as due 
to the superposition of a number of exactly 
fringe systems, of which some differ 
in phase from others. The result of this is 
to diminish the contrast between the bright 
and dark parts of the field 

Thus, to summarise, fringes of Class II. are 
formed when light corresponding to each 
point of the fringe system comes from the 
whole of the film for from the same part of it), 
but meets it at varying angles of incidence. 
They are purely fringes of equal inclination. 
If they are crisp and distinct we deduce that 
the film is of fairly uniform optical thickness 
over the region utilised; hut no clue what- 
ever is given to the character or position of 
any variations which may actually be present. 

CiASS in. — ^If we employ a point source at 
infinity, such, for example, as a small illu- 
minated pinhole at the focus of a collimating 
.lens, aU rays strike the film at the same angle 
of incidence. There are consequently no 
variations of phase from one part of the film 
to another except such m may be due to 
variations of jat. To observe a fringe system 
under such circumstances it is necessary to 
employ a telescope with the eyepiece removed. 
The object-glass collects the parallel beam 
after it leaves the film and produces an image 
of the pinhole in its focal plane. If the eye 
is placed at this image, the whole surface of 
the film (if the object-glass is large enough) 
is seen illuminated and traversed by fringes 


which are true contours of the optical thick- 
ness, (At 

These fringes are not located at a definite 
distance from the eye, as ai*o those of Classes 
I. and II. They are visible at all distances, 
and so appear to coincide with any surface on 
which the eye is focussed.^ 

If the film is thick the fringes will be most 
distinct at perpendicular incidence. It is not 
practicable to use a theoretical point soxirco : 
considerations of brightness require that the 
hole shall have an appreciable area, and its 
image in the focal plane of the toleBCOi)e lens 
may be regarded as a small portion of the 
Class II. fringe system produced by a broad 
source. If this portion is in the centre, where 
the phase varies slowly with the angle of 
incidence, there will be no phase difference 
between the light from one part of the pin- 
hole and another; but if it is at an outer 
part of the system where the Class II. fringes 
are closely packed, the small cone of rays 
which reach' the eye from any point of the 
film comprises an appreciable range of phase 
retardation, and the contour fringes are 
rendered indistinct. 

11. Tbchnioal Applications 

§(2) Test Plates.* — The simplest application 
of interference fringes is the testing of ()|)t.ical 
surfaces by means of test plates. The surface 
under test is placed in contact with another 
surface which it ought to fit i)orfectl 3 \ This 
may either be plane, for prism surfaces, etc., 
or may be curved, for Iona surfaces. A separate 
test plate is of course necosHary for every 
curvature. The surface and It^at plate are 
w'orked together to squc^o 2 :o> out the air between 
thorn and obtain a very thin lilm. I’bis is 
viewed by the light from a window or bright 
wall. Fringes of (Uass 1. are obtained, hence 
the necessity to work the tilm down as thin 
as possible in order that tlic^ fringes should 
truly roprosent film contour rather than 
variation of incidontsc angle. With white 
light the ’fringes tiro coloured owing to iho 
variation of retardation with wave-length, If 
the surfaces arc very close and quite paralhd, 
the film will a})pear of n uniform colour, which 
will vary with the ol)li({uity from which it is 
examined. Variations of ihiekness insufficient 
to produce a coin))lete fringe will cause a 
variation of tint ; and if the gontmil tint is 
yellow or bluish green, tdio two regioriH of the 
spectrum where tint varies most rapidly witli 
wave-length, the test is very ficumitive. It is 
usually possible to secure a Hensitivo tint by 
working the film and choosing a Buitabk) 
obliquity. 

§ (3) Constancy ot OmciAL TnioKNKSK ok 

^ Guild, Location of Interfermcc Krhigcs,'' 

Soc. JProc.., 1D20, xxxlii. 32. 

* See also “ Optical Parts, Working of/* ft (4). 
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Plat Discs. — ^This is a most important test. 
Por many purposes, for instance in making 
echelon gratings, Lummer Gehrke plates, etc., 
it is essential to have plates of which the 
variations of optical thickness from one part 
to another are reduced to a very small amount 
indeed. 

The best known arrangement for testing 
such plates is shown in Fig, 1 [a). Light from 
a broad source S is thrown normally on the 
plate AB by a glass plate MM'. 

The fringes are observed by 
an eye at E. The fringes will 
be of Class I. and will be 
concentric circles located at 
infinity if the glass is nearly 
parallel. As we have seen, 
the form of these fringes does 
not at once tell us much about 
the variations of optical thick- 
ness. To determine this, the 
plate is moved parallel to 
itself. If the optical thickness 
is uniform, the fringes will 
not move ; but if it varies, a 
fringe will pass across any 
point, E' say, on the fixed 
support, for every half wave- 
length by which the optical 
thickness varies. By moving 
the plate in such a way that 
no fringes pass E', it is 
possible to trace out contour 
lines of equal optical path. 

If desired, a small telescope 
’With cross-lines in the eye- 
piece may be used at E. 

This method is tedious and 
troublesome, since each con- 
tour line has to be traced 
separately by indirect means. 

By a simple modification of 
the arrangement the plate can 
be examined by fringes of 
Class III., and the fringe 
system itself is then the con- 
tour map. A lens LL', Fig. 

1 (6), is interposed between 
MM' and AB, and a point source (an illu- 
noinafced pinhole) is placed at the focus of LL'. 
A parallel beam of rays meets the plate AB. 
It is reflected back through LL' and refocussed 
in the neighbourhood of S. Some light is 
reflected at the surfaces of MM' to form two 
images of the source at e and e'. MM' should 
be thick so as to separate e and e' as widely 
as possible. An eye placed at e or e' sees the 
plate AB traversed by interference fringes 
which are the required contours of equal 
optical thickness. 

For the reasons given earlier, the fringes 
will only be distinct with thick plates provided 
the incidence is normal. The table on which 


AB rests should be provided with levelling 
screws. The normal adjustment is then easily 
made, because the retardation is a maximum 
in this position, and on altering the tilt the 
fringes will move towards a certain configura- 
tion and then retreat from it as the perpen- 
dicular position is passed. 

Care must of course be taken to ensure that 
the light is properly collimated. This is done 
by adjusting so that the reflected image, 

S 



o 1 2 S 4 0 8 7 8 0 10 11 ia 13 1418 
5ea/« reading 

FlO. 1. 

when formed just beside S, is in sharp 
focus. 

When a suitable source of monochromatic 
light is used ^ plates of over an inch thick may 
be examined in this way. 

§ (4) Contour Maps or Plat Surpacrs. — 
The same apparatus affords a very convenient 
means of determining the contour maps of 
surfaces which are intended to be flat. The 
customary method of working the surface 
into close contact with a test plate and 
examining the fringes with a broad source of 
light is unsatisfactory on various grounds. 
In the first place, troubles sometimes arise, due 
^ Ouild, Phys. Soo. Proc., 1920, xxxii. 341. 
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to the surfaces not being perfectly dry, in 
which case local patches of perfect blackness, 
due to absence of air film, may be formed. 
Further, it is possible, when two nearly flat 
surfaces are wrung together in this way, to 
squeeze out slight convexities . and make the 
surface under test appear better than it really 
is. Lastly, in spite of the greatest care to 
exclude dust particles, it frequently happens 
that the siurfaces get scratched in the process. 

It is on every ground more satisfactory to 
test the surfaces without putting them in 
contact at all. If the upper surface of the 
slab AB, Fig, 1 (c), is the surface to be tested, 
the test plate is mounted above it, with its 
standard face downward, supported on a 
suitable carrier with three adjustment screws. 
It is clear that in general there will be four | 
reflected beams, each of which will give rise 
to images of S in the neighbourhood of e and 
e'. If any two of the four surfaces are parallel 
the corresponding images will coincide. It is 
desirable that the test plate CD should be 
somewhat prismatic, so that the image from 
its upper surface may be out of the way. By 
means of the levelling screws the test plate 
.is adjusted so that those images which are 
respectively due to the upper surface of AB 
and the lower surface of CD coincide. If the 
eye is then placed at e or e' fringes are seen 
which are the loci of equal thickness of the 
air fllm. By carefuUy adjusting the test plate 
while watching the fringes, the latter can be 
broadened out until, if the film is perfectly 
parallel, a uniform illumination is obtained. 
If the surfaces are not perfectly flat there 
will be a position in which a minimum number 
of fringes appear, which form a contour map 
of the joint defects of the surfaces at all 
points. This is the best adjustment in order 
to see at a glance the general character of the 
contour ; but to make quantitative measure- 
ments it is better to proceed indirectly and 
use a slightly wedge-shaped film such that the 
fringes are about a centimetre or so apart. A 
diametral scale, aa, divided to J centimetres, 
should be drawn in ink on the surface of the 
test plate, and also a line on the surface under 
test passing approximately through the centre, 
which should be marked by means of a dot. 
The lower block is then moved on the table 
until this line coincides with the line on the 
test plate as seen by the eye at e. The position 
of the central dot on the scale is noted. The 
fringes are then adjusted until they run as 
nearly parallel to the scale as possible and 
are about a centimetre or so wide. The 
appearance of the field of view might then 
be something like Fig. 1 (d). The most con- 
venient fringe, say F, may be taken as the 
datum of film thickness, and the thickness 
at different distances along the scale aa may 
be specified by the distance of the scale from 


this datum fringe, as measured in fringe widths- 
For instance, with a configuration as drawn 
(if the thickness of the film is increasing from 
left to right) the excess of thickness above the 
datum is *4 at 3 on the scale, 1-05 at 4-6, 1*6 at 
6, 1*7 at 7, I at 10, *6 at 12, and so on. If 
these are plotted to a suitable scale, a contour 
line of the variations of film thickness along 
the line aa is obtained (Fig. 1 (e)), the unit 
corresponding to one interference fringe, that 
is, to a difference in thickness of one i wave- 
length. 

The surface under test is then rotated until 
another Une, making, say, 30° with the first, 
coincides with the scale on the test plate, 
and the contour along this hne is determined 
in the same way. This is done for a number of 
radial lines and also for two non-radial lines 
intersecting the others as shown in Fig. 2 (a). 



f (a) a) 


Fig. 2. 

The non-radial contours give relations between 
second points on each of the radial contours, 
which enable us to alter the position and 
inclination of the base lines of tho latter so 
as to make the contours mutually consistent. 
Thus we may take the contour along ab as 
first obtained ; the base line for any other 
contour, such as cd, must be altered so that 
the ordinates corresponding to the common 
point 0 are equal, and also so that tho ordinate 
at p differs from the ordinate of the ab contour 
at q by the amount indicated by the non- 
radial contour along ef. If now an outline 
of the surface is drawn on paper, and along 
each radial line we mark off tho distances from 
0 at which the ordinates of tho revised con- 
tours have particular values (differing, say, by 
iVth fringe), we obtain a contour map of the 
surface, such aa Fig, 2 (b). It will bo observed 
that in the whole process we are only concerned 
with the properties of the test plate along one 
fine aa (Fig. 1 (d)), and the contour of the plate 
along this line is easily determined. If two 
other fairly good surfaces are available, by 
testing one line of each of these against the 
test plate and against each other, their con- 
tours and that of the test plate can be deduced. 
The method is thus absolute and no surface 
has to be taken for granted. 
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§ (5) Testing by Transmitted Light. — be cleared of fringes over its wliole area, and 
F. Twyman ^ has evolved an elegant method the fringe system, when broadened out as 
of testing prisms, lenses, and even complete much as possible, forms a contour map of the 
optical instruments by interference. The irregularities. 

instrument employed is the well-known Michel- It is clear, of course, that whether the fringes 
son interferometer.^ The general principles of have been broadened out or not, they give 
this instrument are described in all text-books, precisely the same information regarding the 
It is only necessary to remind readers that irregularities of the film ; but they are 
the instrument is optically equivalent to two 

approximately parallel planes separated by taaaaaM^ 


an air film of a thickness which can be varied 
from zero to any desired value by 
moving one of the mirrors. This q 
being so, we can obtain with the 
instrument fringes of any of the 
three classes previously described. 

The most suitable typo to employ depends on 
the purpose in view. 

If a broad source is employed, and the 
fringes are viewed by the naked eye, fringes 
of Class I. will be obtained. If a telescope is 
employed the fringes will bo of Class II. These 
are the arrangements most commonly described 
in text-books and employed in the ])hyaioal 
laboratory ; but they arc quite unsuitable for 
optical testing. For this puri)oso fringes of 
Class III. arc T‘equii*ed, and the arrangement of 
the interferometer to give these is shown in 
Fig. 3 (a). Light from a suitable source S is 
focussed by means of a condensing lens on 
a small “ pinhole ” P w'hich is at the focus 
of a lens Li. Wo have thus the equivalent 
of a- very small source at infinity. That 
portion of the ])arallol beam which is reflected 
by the half - silvered surface of the oblique 
plate m strikes the mirror normally, 
and returns along its own path until it again 
m<^ots the o}jli(iue plate. Hero a ])ortion is 
rollcctcd bade through Lj and refocussed at 
and a portion transmitted. The latter is 
focussed in an image of P at P' by a Ions L 35 . 
Similarly a ])()Ttion of the beam, which is in the 
first instanc-o transmitted by w, forms, after 
reflection by and j)artial reflection at m, 
a second imago of P in the neighbourhood 
of P'. If the image of by reflection in m 
is very nearly parallel to the two images 
at P' will coincide. An eye placed at P' 
will then see intoriercnco fringes of Class HI., 
wdiitth are the cjontour linos of the thickness 
of the “ air film ” to which the instrument 
is equivalent. If Mo is carefully adjust<Hl 
while examining the fringes, they can be 
broadono<l out until the air film is parallel, 
when, if the suifacios are perfectly flat, the 
film will appear of uniform brightness. If 
the surfaces are not perfectly flat (or, rather, 
if their irregularities are not exactly similar 
and similarly situated) the film can never 

^ F. Twyman, PhU. Mag., Jan. 1018, p. 49; Photo- 
graphic J oumal, Nov. 1918, p. 239; i\m\ A strophys, 
Journ., 1918, xlviii. 259. 

“ 8co also “ Wavo-longtliH, Measurement of," § (3), 
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equivalent to the contour map of a country 
based on a datum plane inclined to the hori- 
7 .(mtal. H the xnciliuation wore considerable 
such a ma}) would consist of closi'ily packed, 
nearly straiglit linos parallel to the horizon, 
lulls and valleys aiipoaring simiily as slight 
bonds in the contours. 8 uch a map would 
give all the information as h.) the nature of 
the country that (iould bo deduced from an 
ordinary one; but it is much less easy to 
interpret its general ap])oaranoo. Similarly, 
whatever the adjustment of the mirrors, the 
fringe system gives full information as to 
their departures from exact similarity of 
surface; but it is usually convenient to 
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have the fringes as broad as possible in order 
to render them easily intorpretable. Some- 
times, however, an adjustment departing 
slightly from parallelism is helpful in deciding 
between two possible interpretations. 

In the interferometer, as used for optical 
testing, the mirror is mounted on a carriage 
which rests in a geometrical slide. By 
pulling one or other of two strings the mirror 
can be moved nearer to or farther from the 
oblique plate without its inclination to the 
direction of the light being seriously altered. 
The mirror Mg is arranged on a carriage which 
can rotate about a point C. Each mirror is 
provided with delicate adjustment screws 
for final adjustment of the parallelism of the 
equivalent film. The mirrors are worked to 
such accuracy that when used alone, as in 
Fig. 3 {a), a field free from fringes can be 
obtained. 

The method of testing an optical piece, 
such as a slab or a prism, or any optical 
histmmeni of which the focal length is infinite, 
consists in placing it in the beam mM^, and 
adjusting Mg to he perpendicular to the 
transmitted rays so that they are returned 
through the instrument and finally focussed 
at P'. The eye at P' then sees the aperture 
of the instrument traversed hy a fringe 
system which is the contour map of the 
wave front, originally plane, after passing 
twice through the instrument. The general 
method will be fully understood from its 
application to a spectroscope prism. The 
prism is placed in the position indicated in 
Fig. 3 (6). That portion of the beam which 
is transmitted hy the prism is deviated in 
the direction shown. Mg is adjusted so as 
to refiect this beam back through the prism, 
after which it is partially reflected hy m 
and focussed at P'. The eye at P' then sees 
the . effective aperture of the prism traversed 
by fringes which, w'hen broadened as much 
as possible, tell us how a piano wave-front 
has been affected hy the double passage 
through the prism. 

These defects of the wave-front may either 
he due to imperfect planeness of the surfaces 
of the prism or to imperfect homogeneity 
of the glass, or to both causes. But to what- 
ever cause they may be due, they can be 
corrected by local polishing of the surfaces. 
Eor instance, if the fringes show that the 
optical path through any part of the prism 
is longer than at others, by polishing a little 
hollow in the corresponding part of the 
surface the wave can be flattened out. In 
this way, hy local polishing at the points 
indicated by the contour fringes, the prism 
can be made to transmit a perfectly plane 
wave-front. But it should he noted that the 
correction only holds when the light traverses 
the prism in the same way. The interference 


tests should always be made, therefore, with tho 
light passing through the prism in the direction 
which it will pass in use. Thus for a si)octr()- 
scope prism the prism should be adjusted for 
minimum deviation. 

In applying the interferometer to instru- 
ments of tho lens typo which have not infinito 
focal length, tho arrangement employed is 
that of Fig. 3 (c). 

The lens L is mounted in a suitable chuck, 
with its aads parallel to the incident beam. 
It causes the beam to converge towards its 
focus at P. A convex mirror Mg' is i>lti(?od 
in the position shown, and adjusted so that 
its centre of curvature coincides with E. 
The converging rays then meet tho surface 
of Mg' normally, and, after repassing through 
L, form a parallel beam once more, and are 
focussed at P' by Lg as usual. If tho leas 
were free from spherical aberration, so that 
rays from all zones converged to one focus, 
it would be possible to adjust Mg' so that tho 
aperture of the lens as seen by tho oyo at P' 
would be free from fringes. In tho prosonce 
of aberration, however, the different zones 
have different foci, and in whatever position 
may be there will be circular fringes in some 
zone, indicating the amount of the aberration. 
In the event of the lens being astigmatic, tho 
fringes will he elliptical. 

This method has been extended by Twyman 
to q\iite complicated cases, such as photo- 
graphic lenses at oblique incidence, nucrosc(>p<^ 
objectives, etc. As ai)plied to lenses, howcu'cr, 
the interference method must bo rogardwl 
as still in the course of devoloi')inont ; much 
has yet to bo done in do,signing tlie best 
mechanical moans of realising the lUKscssiiry 
conditions of adjustment in order that tho 
resulting fringe system will give tlic infornut- 
tion which it is desired obtain. Then** is, 
however, little doubt that tho uso of int.or- 
ferometer methods for tho examination of 
almost every kind of special instrument will 
ultimately bo widely adopted. 

In employing the interforometor for such 
purposes it is necessary, as with tlie ari*ang(i- 
ments of 1 ((b) and (c)), to obtain <‘xac?t 
collimation and normal incidence of tli<^ bctaru 
on the equivalent 

Intermittent Lights, Photometry ot. 

Photometry and Illumination,” § (12i2). 
International Candle : the unit of (utndUi. 
power adopted in 1921 by the International 
Commission on Illumination. Sec “ Photo- 
metry and Illumination,” § (14). 
Interrupter: an apparatus for me(!hanio- 
ally interrupting tho primary current of an 
induction coil. See “ Radiology,” § (KJ), 
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Interval : a term used in music to denote 
the musical relation between two sounds. 
See “ Sound,” § (2). 

Intervals, Chief, within an Octave. See 
“ Sound,” § (6) (vi.). 

For various temperaments, tabulated. See 
ibid. § (6) (vi.), Table II. 

Intrinsic Brightness : a term used to denote 
the measure of the light-emissive power of a 
surface per unit of area of surface ; generally- 
quoted in candle-power per square inch. 
See “ Projection Apparatus,” § (2). 

Invar: its applications to tapes and wires 
used for base measurements. See “ Survey- 

J 

Jadbrin, E. His method of using tapes and 
wires in catenary. See “ Surveying and 
Surveying Instruments,” § (39). 

Jbllets’ Prism : a polarimcter which 
depends on the photometric principle of 


ing and Surveying Instruments,” § (39). See 
also “ Invar and Elinvar,” Vol. V. 

lODEOSiN : a reagent for testing glass surfaces. 
See “ Glass, Chemical Decomposition of,” 
5 (3) (i.). 

Iris : the diaphragm which limits the aperture 
of the eye. See “ Eye,” § (2). 

Irradiation : the term in radiometry which 
corresponds with illumination in photo- 
metry. See “ Spectrophotometry,” § (15). 

Iso-LTJX Diagram : a diagram of equal 
illuminations, analogous to an isobar dia- 
gram. See “Photometry and Illumina- 
tion,” § (69). 


matching two illuminated fields by varying 
their relative intensity. See “ Polari- 
metry,” § (3). 

JoLY Photometer. See “ Photometry and 
Illumination,” § 


K 


K Series: a group of spectrum lines in the 
characteristic X-rays enoitted by an element. 
See “Radiology,” § (17). 

KINEMATOGRAPH 

§ (1) Introdttotion, — Although the name 
Idnematograph has been selected for the title 
of this section as being more in accordance 
with the Greek derivation, other terms such as 
cinematograijh, or more briefly cinema, the 
first syllables of which are pronounced softly, 
have received greater public recognition. Over 
sixty designations have been introduced from 
time to time, but, with the exception of a few 
proprietary names, practically all have now 
lapsed in favour of those mentioned above. 

The history ^ of the liighly perfect apparatus 
of the i)reBont day is a record of comparatively 
slow and in-termittont progress during half a 
century, culminating in the introduction of the 
continuous photographic film by l^'ricao Greene 
in England and its perfection by Edison in 
America, and, in consequence, a rapid dovolop- 
mont of the apparatus as a means of public 
entertainment and, to a more limited extent, 
of education. 

§ (2) General Besorittion. — The primary 
function of the kinematograph is to reproduce 
pictorially upon a screen the movements of 
objects. This is done by presenting to the 
eye in regular order a series of pictures each 
of which represents a oonseoutive stage in the 
motion, the speed of presentation being such 

' Lioitxg Pietuns, Hopwooci and Foster, 1916. 


that the eye appreciates the series as a con- 
tinuous picture in which the objects may 
appear in motion. By means of a special 
camera ^ a series of instantaneous photographs 
of the moving object is taken, with exposures of 
about second, upon a sensitised trans- 
parent celluloid film which is advanced stage 
by stage in the focal plane of the objective at 
intervals of about to uV second. During the 
stationary periods the film is exposed and 
during the transitions the light is oecultod by 
the shutter. Thus the series of photographs 
does not oompriso the complete movement of 
the object. Short altemato stages arc un- 
represented. 

When the images are projected upon the 
screen by moans of the kinematograph pro- 
jector, a true representation of the original 
movement is obtained when the speed of the 
movement of the operation and the ratio of 
the bright and dark intervals arc the same as 
those pertaining during the taking of the 
series of photographs with the camera, hut in 
actual practice there are small departures 
from true reproduction arising from differences 
in the velocity ratios. 

Although the image projected upon the 
soroen may appear to bo in continuous motion, 
the action is actually discontinuous- A 
stationary imago representing one stage 
remains on the screen for a period of about 
second. This is followed by a dark interval 
lasting about -gV second. Although the original 

• '"Motion Picture Cameras,” 0. h. Gregory, 
Trans. Soo. Motion JPidure Engineers, April 1917. 
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stages of the mov'ements corresponding with 
these brief dark intervals are not reproduced 
upon the screen, the mind of the observer 
fails to detect their absence, and the interrupted 
series of images when combined by the retino- 
cerebral apparatus is accepted as being equiva- 
lent to the original continuous appearance. 

To obtain this stroboscopic effect it is 
essential fhat the dark intervals should he so 
small that the impression on the mind of one 
stage has not become unduly weak before 
the succeeding impression has been formed. 
That the effect is entirely due to a physiological 
process of fusion of the successive images has 
been contested ^ on the experimental grounds 
that -under certain conditions an impression of 
movement is obtained even when the dark inter- 
vals are also distinctly appreciated by the mind. 

If the visual sensation ceased immediately 
the direct excitation had ceased, that is, if 
the phenomenon of persistence of vision did 
not exist, one image sensation could not 
extend over the dark interval and overlap, 
as it were, the succeeding image. Under 
these circumstances the complete synthesis of 
a series of images separated by brief dark 
intervals would hardly he possible, and 
Idnematography would he impracticable. 

§ (3) The Eye and Vision — Tliokir — 
The functions of the eye as the organ of sight 
are discussed in the article on “The Eye 
and Vision ” (g'.v.). 

In its dark adapted state, as under the 
conditions of a modem picture house, the 
retina can he subjected to a range of intensity 
ol from one to about a thousand without 
producing a glare effect. But in practice, 
under these conditions, a sudden change of 
intensity from one to more than a hundred 
or two should he avoided to ensure entire 
absence of visual discomfort. If the oyo wore 
repeatedly turned from the illuminated screen 
to very dark surroundings, the contrast might 
easily he such as to cause discomfort in the 
course of time, and therefore a certain amount 
of general illumination, which also facilitates 
the entrance of the spectators, is customary, 
the contrast being kept, however, within the 
above-mentioned limits. As the illumination 
of the picture on the screen varies from about 
1 to 1-5 foot-candles in the case of the quarter 
lights to about 6 or C foot-candles over the 
brightest parts, a general illumination of 0-07 
foot-candle is permissible. Much, however, 
depends upon the circumstances, and general 
illumination of twice this amount has been 
advocated.® 

Reference has already been made to the 
persistence of vision upon which kinomato- 

^ P. Linkc, Die stroboskopificJum lUrscheinuTtffen 
al8 Tdiischinffen des Zdmtitdlsbezousstsnnff, Leipzig, 
W. Engelmann, 1907. 

* L. A. Jones, “Tho Interior Tlhimlniition of the 
Motion Picture Theatre,” Trans. Soo. of Motion, 
Picture Engineers, No. 10, May 1920. 


graphy essentially depcnrlH. The iirst delinito 
measurements of the time of persiHloiico ai*<i 
those recorded by JS1. D’Arcy,® who measured 
the time of whirling necessary to producer 
the appearance of a continnous circle of light 
when a live coal was whirled at a distance of 
165 feet from the observer. 

When the retina is excited by a single 
low-intensity impulse of very short duration, 
the resulting pulse of sensation takes an 
appreciable time to grow and a similar time 
to wane, the duration of the sensation being 
longer than that of the stimulation. A(j{u)r(ling 
to McDougall, a stimulus of greater intensity 
produces a series of partially overlapping 
pulses of rapidly diminiBliing maximum 
intensities.* Charpontior’s bands, whicdi may 
be observed when a suitablo radial slot is 
rapidly rotated, arc attributable to pulses 
of this kind. The initial i)ulsefl of greatest 
maximum intensity wax and wane rapidly. 
Succeeding pulses do so more slowly, aiul 
within the fraction of a second the intensity of 
the pulses becomes too small to bo appreciated. 
Recurrent images and other phenomena of 
vision® that involvo periods much greater 
than those of the kinomatograph need not bo 
considered hero. 

Flicker, the elimination of which is a problem 
of such groat importauco in the intermittent 
typo of kinomatograph, is depeiulcnt upon 
the duration of the individual impulHi^s that 
fall upon the retina. During the period of 
transfemnee of the eonwnuitive picdurc-s it. is 
necessary to interrupt tlu^ proj(Hdion of the 
imago upon tlu^ screoii. This in doiu^ almost 
universally by lueaus of a rotating shutUu’ 
having a blank sector whit^h iult^rsccls the 
beam of liglit between the <>bj(M‘Uve and the 
screen during the period »>f the movtnuont.. 
Thus the illumination of tli<^ wu’tMui is inter- 
mittent and the retina is snl>jcc.t(‘<l to a ru j)i<l 
scries of impulses whitdu timler c’crtain 
conditions, produeo ii disturbing appearance 
of llic.ker, that may even prove injurious to 
the eyesight if long continued. 

Flicker (um bt^ eliminatiMl by inenmsing 
the frequency of the intiMTuptions or by 
reducing the illumination. It is also <hqM*nti- 
ent to som(s extent upon the ndativi* durations 
of the consecutive black au<l whiti' pm’iods,® 
tho maximum ludng obtaiiU‘d when the 

white interval e<juals the blindt. 1'hus supjswe 
the disc is half black and half white and the 
speed such that llicker is pronounced. If then 
the white sector is incnnised at the expense 
of tho black, tho flick(*r will diminiHli and be 
entirely absent wlien the dlse is nil wbitts 

* Mfimoirrs (fr I'AnuUmia <lrn SHttirrs ii Pitrin, 
17ftf), p. .ir»(). 

* liritinh Journal of PuitHuJogif^ 7K, 

* CHriosilicH of Light atut IHOP, 

chap. V. 

* Marins Throrle tier klnematooraphUehm Pro- 
jeetionen, see, 1(>, i). 4li, 
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since tliore are then no intorruptions of the 
light. Similarly, if the black is extended at 
the expense of the white, the flioher will 
progressively be diminished and again vanish 
when the disc is all black. In the kinemato- 
graph the black sector which cuts off the light 
during the transference of the picture often 
covers about 90° of arc, that is, 25 per 
cent of the light is cut off on this account. 
The remaining 75 per cent of the light 
would be availahle for the illumination of 
the screen if the speed was sufficiently high 
to eliminate flicker. As sixteen pictures are 
projected per second, the shutter makes 16 
revolutions per second, which, in practice is 
nearly three times too slow so far as the 
elimination of flicker is concerned. It is 
necessary, therefore, to increase the number of 
interruptions per second by the introduction 
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of one or more, usually two, additional dark 
sectors, the arcs of which are generally made 
less tliau that of the main occulting sector, in 
order to (sonsorvo the illumination. 

Results of flicker tests of a throo-bladcd 
shutter supplied with one well-known typo of 
machine arc indicated in h'ig. 1 . In the tests 
tho film itself was removed and the lluotua- 
tions of tho light in tho aperture wore nioasurod 
photon lotrically. Abscissae reprosont tho esti- 
mated strength of flicker and ordinates tho 
intensity of illumination in foot - oandlos. 
Upon each curve is indioatod tho corresponding 
number of intorruptiems i)cr second, that is, 
throe times tho number of revolutions per 
second of tho particular shutter. Tlius, for 
example, in the case of tho ourvo corresponding 
with a speed of 29 revolutions j)or second, tlio 
interruptions of tho light wore 87 per second. 
When tho intensity of the illumination was 
reduced to 0-7 focjt-candlo tho flicker dis- 
appeared. As tho intensity waB increased 
flicker reappeared and became more and more 
pronounced until it reached a maximum value 
at an intensity of 10 foot-candles. A further 


increase of the intensity produced an. appear- 
ance of glare and caused the flfiokcr to disappear 
very rapidly. Glare effects of this order need 
not be considered as they do not occur in the 
case of the kinematograph. 

The curves indicate that with an intensity 
of illumination of 2 foot-candles about 36 
revolutions per second would be req.uired to 
eliminate flicker. In practice, however, this 
condition is fortunately attained at a much 



Fig. 2.-“rho “ Inilomltiiblo Frojoetor Outfit. 


lower shutter speed of 16 revolutions per 
second, equivalent to 48 intorruptions in the 
case of tho throe -bladecl shutter. This is 
largely duo to tho fact that with the film in 
position not only is the illumination reduced 
by at least 26 per cent in the cose of the 
lightest ])ortions, but also there is no longer a 
rapid change from uniform light to darkness, 
since tho light is broken up by tho various 
tones of the picture, thus further reducing the 
general illumination and contrast with the 
dark intervals. 

§ (4) Thb AppAEA.Ttrs,— -A kinematograph. 
projector equipment, of which the Indomitable 
outfit {Fig, 2) of Messrs. Kershaw & Sons is a 
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typical example, comprises the lamp, lamp- 
house and condenser, the macliine or projector, 
including the pro j eotor lens, and the stand. The 
primary function of the machine is to draw the 
filTn from the upper reel box ; to bring each 
conse cutive 
picture of the 
film very ex- 
actly into posi- 
tion ■fell© 

gate aperture 
through which 
the light passes; 
to keep the 
picture. station- 
ary in this 
position for a 
period of about 
•gJjth second ; 
to remove the 
picture and 
bring the suc- 
ceeding one 
into position in 
the brief inter- 
val of about 
•^th second ; 
to wind the 
film upon the 
lower reel after 
it has passed 
through the 
gate before the 
aperture ; to 
interrupt the 
image falling 
uponthesoreen, 
particularly 
during the 
transference 
period ; and to 
mask the pic- 
ture, that is, to 
adjust the fflm 
so that the in- 
dividual pic- 
tures lie within 
the boundaries 
of the aperture 
and thus lie 
correctly on the 
screen. 

In order that 
the film may 
he fed through 
the machine 
regularly, the 
sides are perforated in the manner indicated 
in Fig. 3, the perforations in question being 
now standardised.^ Similarly, the sprocket 

Report and Recommendations of the fitandards 
Sub-Committee, Incorporated Association of Kinemato- 
graph Manufadurers, Ltd. 


wheels or drums have their tooth, which 
engage the film perforations, also pitched 
exactly according to a standard. Upon the 
regularity and accuracy of the perforations 
and the teeth depends to a largo extent the 
steadiness of the picture upon the screen. 

In the diagram, Fig. 4, tho film A is drawn 
from the upper reel box B by means of tho 
uniformly driven upper feed sprocket C, tho 
teeth of which engage the film perforations. 
A roller D holds the film in engagement with 
0, from whence it passes through the gate E 
in front of the aperture F through which tho 
light from the condenser passes, Friction 
strips, which press upon' the sides of tho film 
and not upon the part occupied by the 
pictures, offer a certain amount of resistance 



Tro. 4-. 


to tho passage (^f tho film as it is ]>ullcd 
througl. the gate by moans of tho 
sprocket O. From 0- tho film ov('r the 

continuously driven lower feed Hi)ro(d«‘t H 
into tho lower reel box J, tlu'i of wliieli 

is frictionally driven in order that rate 
of winding may be constant notwit-hst unding 
variation of tho reel diainctor. As tlu^ 
sprockets C and K rotate uniformly whilt^ Q 
rotates intorinittontly, it is OHH(*iitial to 
provide loops at K and L the lengths of which 
must not bo less than one i)icturo, as otherwise 
the film would bo broken. If the loops, cm tho 
other hand, are too long an ohjectioiiahlo 
whipping noise may result. 
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In certain machines in whieh masking is 
performed by a displacement of the inter- 
mittent sprocket, the lower loop must be 
sufficiently long to permit of masking to the 
extent of at least one complete picture. 

§ (5) The Intermittbitt Feed Mechanism. 
— Of the elements above described the most 
interesting and indeed the most important is 
the intermittent feed mechanism, because upon 
the accuracy with which it places each picture 
in front of the gate aperture depends the 
steadiness of the picture upon the screen. 
Assuming that a variation in the position on 
the screen of consecutive pictures of J inch 
is permissible, and that the distance of the 
objective from the screen is 100 feet and 
from the film 5 inches, then the pictures 
must be centred with an accuracy of 
inch. 

Innumerable devices have been proposed 
for the intermittent movement of the film, 
but in the great majority of projectors the 
Maltese cross arrangement, or the Geneva 
cross, as it is sometimes called, represented in 
Fig. 5, is employed. Upon the axis E of the 
gate sprocket 
which feeds the 
film there is 
mounted the 
cross H, having 
four radial slots 
and four con- 
cave sides which 
suggest the 
name accordod 
to this mechan- 
ism. On a parallel axis F there is mounted a 
disc and driving pin A, the disc being cut 
away as indicated at K 6) in order to 
clear the extreme points of the cross. The 
drive is applied to this driviug disc, which 
rotates uniformly in one direction only. 

In tho relative positions indicated in Ftff. 6, 
the diiving pin A is approaching tho slot B 
tangentially, and 


tho Maltese cross, 
tho gate sprocket 
associated W’ith it, 
and the film are at 
rest. Rotation of 
tho creeps is pre- 
vented in one 
dirootion “by tho 
looking action, of 
tho disc portion 
GD on one side of tho lino joining tho centres 
321? and in tho other direction by tho por- 
tion CG. As tho pin approaches the slot 
this looking portion doorcases, but the drag 
on tho film tends to hold tho cross against 
tho other locking portion. 

In tho position Fig, 6, tho pin has just 
entered the slot B and is driving the cross 




in the direction of the arrow, and with it the 
film. The recessed portion K of tho disc is 
necessary to clear the points of tho cross as 
indicated in 
Fig, 7. 

In Fig. 8 the 
driving pin A 
has just left the 
slot B of the 
cross, which 
with the film 
has therefore 
just come to pio. 7. 

rest, and the 

cross is locked to the maximum extent by 
the disc. As the cross has four symmetrical 
slots it makes a quarter revolution for one 
revolution of the driving disc. 

Further, as the angle BFD (Fig. 6) is 90°, 
the cross during one rotation of the driving 
disc is being £iven for one-quarter of the 
period and is at rest during the remaining 
three-quarters. The gear is said to be three 
to one, since the picture on the film rests before 
the gate aperture 
during three- 
quarters of the 
period and is 
transported dur- 
ing the remaining 
fourth. 

Owing to the 
occultation of the 
light during this I’lG. 8. 

period only three- 

quarters of the total light reaches the 
screen, and in practice considerably less, 
owing to the additional width of the black 
sector required to cover nearly tho width 
of the objoctivo and to the flicker sectors 
previously referred to. As illumination is 
of great importance tho width of tho occult- 



ing sector is reduced by tho adoption of 
a four-to-one, or even a five-to-ono gear, as 
indicated in Fig. 9. Tho driving pin engages 
tho cross during 60®, or Jth of its rotation, and 
leaves it at rest during the ^ths of the total 
period. The occulting sector can thus bo 
reduced from about 90° to about 60°, with a 
corresponding increase of illumination. But 
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it 'will be observed that the pin A, instead of 
gently entering the slot B tangentially, forcibly 
strikes the driving face, and as the film has 
to be started from rest, moved, and brought 
to rest again in Jth instead of Jth of the 
period, the strain on the film, and particu- 
larly the wear of the perforation, is much 
greater. Notwithstanding these disadvan- 
tages four- and five-to-one arrangements are 
frequently adopted. 

A greater strain is thrown on the film at 
the moment of starting than of stopping, as 
the film has to he drawn through the gate 
against the resistance of the friction side 
blocks. An excentiio arrangement ^ of the 
slots as indicated in 10 has the advantage 



that, although the action may still be, say, five 
to one, the film is started more slowly, the 
movement being decelerated correspondingly 
more rapidly; but, as already stated, rapid 
starting is more serious as regards wear than 
rapid stopping. For the oxcentiio arrangement 
the further advantage is claimed that a portion 
of the occulting sector on the loading side can bo 
cut out with a consequent increase of the light, 
since a greater part of the initial movement of 
the picture is too slow to be recognised as a 
ghost image by the eye ; but it should bo 
remembered that it may be necessary to extend 
the following side, which under ordinary cir- 
cumstances is often reduced in practice below 
the theoretical amount. 

Claw-feed moohanisms of many kind.s havo boen 
introduced, but although they aro frequently adopted 
in camera, perforating, and printing moohaniflms, tliey 
are but rarely used in the projector. Whereas in 
the projector the picture rests for -gV second and 
moves during second, those poriods arc more 
or loss reversed in the ease of the camera, as the time 
of exposure during which the film is at rest is loss 
than second. 

For printing machines the claw arrangement^ 
has the advantage that the tooth engage simultane- 
ously the perforations of the positive and the super- 
posed negative and drive both together with great 
precision. A considerable wear of the film iierfora- 

^ W. B. Cook, “The Excontrlo Star Intermittent 
Movement,’' Tram, Soc. of Motion Picture JUnars., 
May 1020. 

* Dr. Forch, Dar Kimmatograph, p. 30. 


tions is attributable to the teeth of the claws, but as 
the film is only subjected once in the camera to the 
claw action, this disadvantage is not of great 
importance. The teeth of the claw are caused to 
move in a more or less D-shaped path, the straight 
side of the D being parallel to the film. The vertical 
motions are controlled by a main cam and the 
horizontal movements by a subsidiary cam. 

On© of the earliest devices, known as the Dog or 
Beater, is now only fomud in machines of the cheapest 
kind While simplicity of construction is its chief 
characteristic, its destructive action on the film is 
considerable. The device was originally suggested 
by the appearance of a lathe dog, from which the name 
is derived. At each revolution of the dog the pin 
strikes the film and beats it downwards, thus drawing 
the picture through the gate. The throw of the dog 
is such that the film is displaced to the extent of one 
picture at each revolution. A cam is usually pro- 
vided to press the gate open against the resistance 
of a spring immediately before the stiiking pin 
comes into action in order to reduce the strain on the 
film. A reciprocating arm is sometimes used instead 
of the rotating dog, not only as a feed dovioo but, in 
some cases, as a means of masking. Particulars of 
numerous other devices will be found in works 
devoted to kinematograph details.® 

§ (6) Thu Shtjttee. — ^With very few excep- 
tions, the shutter 4), placed immediately 

outside the ohjeotive, has the form of a rotating 
disc which intersects the beam of light. It is 
driven in direct association with the driving 
disc of the Maltese cross, on© revolution of 
which corresponds with the interval between 
the pictures. Thus, when properly set, the 
dark sector of the shutter occults the light 
while the picture is being transferred. The 
angular width of the occulting sector shoiikl 
theoretically bo such that it just covers tho 
whole beam before the picture commonoes to 
move, and does not uncover any portion of 
it before the picture has como to rest. To 
satisfy this condition would involve tho loss 
of a great part of the light, C8])ecially as flicker 
sectors are also required. If tho transfer takes 
place during Jth of the period — that is, during 
72® of rotation — tho angular width of the 
sector is generally between 90° and 95®, which 
usually means that some light iiasses at tho 
commencement and end of the transfer, wh(ni, 
however, the motion of tho image is compara- 
tively slow. That some latitude is permisnihle 
is suggested by the fact that in some houHos 
where the film is run at an unusually high 
8i)ood,* or where the illumination is low, duo 
to fog or smoko, for example, a special single- 
bladed shutter, or sometimes no shtitter, is 
used. 


• BCopwood ami I'bHter, Living TiHurn, 1015; 
lUcliardBon, Motion Picture Jlnwlhook, (‘<1., Ihir) ; 
Forch. Ler Kinematograph, 1013 ; UcHcgnug, 

buch der praUischen Kinemntographie,(\X\i ed,, U)10 ; 
behmann, .i>M Kinematoaraphie, .1919; l^aHsally, 
li'ild und Pxlm, lOlt), vols, i. and 11. 

* F. IT. lUohardHoxi, “ Tho Various Klh^ots of 
Ovompeoding Projection,” Tram, Hoc, Motion Picture 
Bngmms, JNo. 10, p. (51. 
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Several typical shutters in common use are 
illustrated in Firj. 11. 

Innumonible devices liavo been introduced 
with the object of improving the illumination, 
but the result must necessarily be a com- 
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promise between light and definition, as prac- 
tically all involve the projection of dijffuse or 
irregular light uixm the screen. Thus the 
blank sectors may bo piorcod with holes, have 
gauze- CO vorod portions, bo of semi-transparent, 
variegated, or coloured material, or bo provided 
with a small-diamotor, light- diffusing Ions. 

§ (7) The Oa.tk, — An important element is 
the gate 12) through which the film is 
drawn downwards intor- 
luittcntly by the inter- 
mittent sprocket. The 
film puHHOH through the 
space B between the 
aporturo plate A and 
the gate K, which is ho 
Iungc<l at 0 that it can 
be cpiickly opened hy 
j)r(‘ssing the spring 
catch I) to facilitate the 
stringing of the lilrn. 

Usually, I)ut not in 
all ciasoH, the a{>orturo 
plate facoH tiio bintom 
and the gaU^ the objoot- 
ivo. Wlum the gate is 
on the (.)l)jcctivo side it 
iH oftcin iicocHHary to 
swing the objoctivo hohler upwards before the 
gatocuii 1)0 opened to the full extent. When 
the gate faces the lanttnni, the <liHi)<)Hition of 
the guides rolh^rs is usually suesh tiiat if the lilm 
breaks it atKiumulates between the nmchino 
and the liinU^ru and ineronses tlie danger of 
lire. Inside the aptHun^ facso there are pro- 
vided two side strips, against whieh the lilm 
is pressed by two corresponding hard stool 


strips or shoes Gr, carried si^ringily upon the 
gate. As it is the pressure of these shoos that 
determines the drag on the film, it is essential 
that not only should the tension be capable 
of adjustment, but that the tensions on the 
two sides of the film should be equal. This 
result is usually attained by maldng the top 
tension spring H act equally upon the upper 
ends of the two shoes and the lower spring J 
upon the lower ends. In some oases one 
spring is arranged to act equally on all four 
ends. 

Small differences in the width of the film 
necessitate some side guidance, as the width 
of the slot in the aperture plate must bo 
sufficiently great to accommodate films of 
extreme width. The flange of the top guide 
roller may be made to serve as a side guide, 
as the use of springs, especially in the side 
wall of the aperture plate, is not free from 
objection on account of their tendency to 
become clogged with the collodion tom from 
the surface, particularly of new films. For 
the same reason the use of velvet strips has 
been practically abandoned. 

To facilitato the cleansing of tlio guides the gate 
should be capable of being opened widely and the 
slioes themselves should bo removable, la many 
machines the lower guide roller which holds the film 
against the intermittent sprocket is oarriod upon the 
gate, and is capable of being so adjusted that it docs 
not bear too hard upon the film. TJndenicath the 
sprocket tliore is mounted a stripper plate which 
separates the lilm from the under side of the sprocket. 
"When this plate is not fitted there is danger of the 
film being wound round the sprocket. 

§ (8) Maskiko. — kCasking the film is neces- 
sary from time to time, in order to sot the 
individual pictures exactly before the aperture 
and thoroforo correctly upon the scroon. 

In ro-joiiung a film the pieces may be dis- 
placed by a fraction of a picture, and when 
this j)()rtion passes through tlio maohino tho 
correct location of the imago upon the soroen 
is affected. Tho earlier method of mask- 
ing, which has only roc^ontly boon generally 
discarded, consinbod in displacing, lolativoly to 
tho film, tho optical axis containing the sourc^o, 
tho contro of tho aperture, and tho optical 
centre of tho objoctivo, by the amount re- 
quired to ro|.>laoo tho imago oontrally upon 
tho screen. Tho model illustrated in JFig, 2 
is of this typo. Tho aperture and objoctivo 
aro usually moved togothor, and then tho light 
source is rondjustod until tho best oon<Ution 
of uniform illumination is again attained. 

As the frequent roadjustmont of tho source 
ifl not without objection, tho greater propor- 
tion of modem maoliinos have the optical axis 
fixed, masking or framing being effected by 
pulling tho film through tho gate until tho 
picture is again central, without, howovor, 
altering tho relative positions of tho Maltose 
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cross aad the driviag disc with which the 
shutter is associated ; that is, the operatioa 
of masking mnst not affect the timing of the 
carry-over gear and shutter. The intermittent 
sprocket, Maltese cross, and driving disc are 
moved up or down as one unit carr3dng with 
it the film relatively to the gate. It is then 
necessary to make the top and bottom loops 
sufificiently large to permit of this adjustment. 
The drive may be communicated to the ad- 
justable element through the intermediary of 
a coupling so disposed that no rotation of the 
coupling shaft and no rotation of the shutter 
shaft is involved in the masking operation. 
If these conditionB are fulfilled, the timing is 
not affected, the oooultation of the light 
corresponding with the transfer of the film by 
the rotation of the intermittent sprocket. 

This system of ma-sking is embodied in the Power’s 
Cameragraph. The apparatus, a<s is customary, can 
be placed in an inoliaed position, which is necessary 
when the projection booth is situated at a high level 
relatively to the screen. Means are provided on the 
stand for angling the whole machine together with 
the lamp as one unit to suit the conditions of the 
Installation. 

An interesting device is used in the Cameragraph 
for automatically re-setting the lower loop, which in 
practice may quite easily be lost if the film, perfora- 
tions, for instance, are badly worn, necessitating 
ordinarily an interruption of the projection. The strip 
of film forming the lower loop is passed under a roller. 
When for any reason the loop is lost, the film in 
becoming taut raises the roller and partially rotates 
a cylinder on the surface of which is cut a spiral 
slot. An arm, a pin on which engages the slot, is 
thus swung sideways and declutches the lower feed 
sprocket, the rotation of which momentarily ceases. 
During this interval the loop increases, the roller 
under the aotion of a spring falls with the loop, 
the clutch is brought into normal aotion, and the 
sprocket reoommoncos to feed the film. 

In the masking devices previously described the 
intermittent sprocket in its lowest position is a con- 
siderable distance from the gate, and the length of the 
film loop between the gate and the intenaittent 
sprookot is of variable amount. Although additional 
complexity is involved, this disadvantage may bo 
successfully avoided by mechanism such as is used, 
for example, in the Simplex machine. The gate 
sprocket is mounted close to the gate with its axis 
in a fixed position. Masking is elFccted by the 
rotation of the whole intermittent mechanism about 
the axis of the sprocket, the maximum rotation 
required being a quarter revolution, which corre- 
sponds with a film displacement of one picture. Since 
the pinion of the driving disc must necessarily ho in 
gear either directly or indirectly with the driving 
wheel, having its axis concentric with the intermittent 
sprocket about the axis of which the masking rotation 
takes place, it will bo evident that in the masking 
operation the driving disc will he rotated relatively 
to the Maltese cross- To preserve the timing, the 
shutter must therefore bo automatically rotated by 
an equivalent amount in the appropriate direction. 

For a displacement of one picture — that is, a 


quarter revolution of the intermittent sprocket — it is 
necessary to correct automatically the displacement of 
the shutter by one revolution. This is done in one 
particular example by communicating the drive to 
the shutter axis through spiral gears, the pinion 
gear on the shutter axis having a length of one spiral. 
When the gate sprocket mechanism is rotated the 
spiral driving element is displaced longitudinally 
upon a squared shaft by a corresponding amount, 
and in its longitudinal movement it rotates the shutter 
quite independently of its ordinary rotational move- 
ment. The arrangement has the advantage that, by 
providing an additional hand control of the longi- 
tudinal movement, the timing can be adjusted while 
the machine is running. 

In view of the precision, with which the inter- 
mittent sprocket must locate the film, theiniroductioii 
of elements between this sprocket aud the Maltese 
oross is objectionable owing to the possibility of 
backlash introduced by slackness or wear of the 
parts- It has been proposed, for example, to rotate 
the sprocket independently cf the Maltese cross 
through the intermediary of a differential, one 
element of which is controllable by hand. In 
another arrangement the sprocket is mounted upon 
a spiral sleeve on the Maltese cross spindle to which 
it is keyed. By a longitudinal dispkeement of the 
sleeve sprocket can be rotated rdatively to the 
cross, and, as in the previous example, the timing of 
the shutter is not affected, since no relative movement 
of the cross and driving disc is involved. Devices 
of these kinds, which involve the use of additional 
parts, particularly between the sprocket and tlie 
cross, are unlikely to prove satisfactory on account 
of the obj ectionable backlash that may he introduced. 

An essential and important feature is the 
take-up mecbanisnci of the lower spool-box 
which rolls up the film after its passage from 
the lower feed sprocket at a constant rat© of 
about 1 foot per second. As the diameter of 
the roll increases the speed of rotation nocos- 
sarily decreases and the tension on the film 
varies. In a few cases the drive is applied 
through the intermediary of a variable speed 
gear, but in the great majority of inacliines 
a simple slipping clutch is employed, the 
pressure being adjustable by moans of a spring. 
As the diameter of the rcill grows larger the 
slipping increases, but although the maximum 
force that can be applied to the film is limited, 
the force is not automatically kept constant. 
Por reels having lOOO foot of film the slii>]>ing- 
clutch, when properly sot, sullices, but for 
longer reels of 2000 feet a varial>lo speed 
drive beconnes desirable. Satisfactory results 
have been attained by causing the inereiiHing 
weight of the roll to increase tho frictional 
resistance to rotation, whereby tho uniformity 
of the tension on the film is maintainod. 

So long as inflammablo celluloid film is used, 
there must always bo a certain amount of 11 ro 
risk, notwithstanding the stringent bgal regu- 
lations that are commonly imposed. Tor the 
prevention of panic among tho spectators, who 
may be alarmed by the fiery glow projected 
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upon the screen when the film in the aperture 
space is ignited, it is essential that the pro- 
jection should be interrupted immediately by 
closing the window shutter of the booth and 
by closing the lamp shutter or dowser. These 
operations are generally done by hand. Upon 
the machine itself, however, there must be 
provided a fire shutter N {Fig. 4), which covers 
the gate aperture when the machine is at rest, 
as shown dotted in the illustration. 

When the machine is in operation the film 
is subjected to the concentrated heat for brief 
intervals of only ^^th second, during which 
time it does not reach the temperature of 
ignition. But if the machine is stopped and 
the film is at rest for a second or even less, 
it will become ignited unless the shutter falls 
immediately the motion ceases. The shutter 
is often operated by means of a governor 
directly associated with the driving mechanism, 
and in other cases by simple friction discs 
separated by a thin viscous layer of oil. 

If the film breaks while the machiae continues 
in motion the fire shutter will not fall. In such a 
case tho lamp dowser must he closed by hand. 

To provide automatic protection capable of dealing 
with every contingency involves mechanical and 
olootrical complications that may prove a greater 
danger than security. Belianco is usually placed 
upon tho fire shutter at tho gate and tho alertness of 
tho operator. Ignited film in tho machine itsdf, 
being in contact with cold metal, bums compara- 
tively slowly and may easily be extinguished if 
dealt with promptly. 

It is most important that tho large masses of film 
in tho roll boxes should not become ignited. Pro- 
vidod the lids are closed as they ought to be, this can 
bo olTe<itively prevented by passing tho film into the 
boxes between metal plates N {Fig. 4), having 
a surface length of several inches. Tho cold metal 
oxtinguislKW any flaming film tliat may be drawn 
botwoon thorn. 

§ (9) Tine Objective. — As the individual 
inoturoH on tho film aro only 1 inch wide and 
I inch high, whereas tho imago projootod on 
tho scroon may bo 20 ft. wide, it will bo 
evident that so groat a magnification nooossi- 
tatefl a quality of definition of a very high 
order over as largo a central area as possible, 
since tho action of a picture play cannot bo 
oonliiiotl to the centre of the screen. Illumi- 
nation being of tho greatest importance, a 
largo aperture is desirable as in the case of 
portrait Umsos, in whicdi tho conditions to be 
satisfied an^ very similar. Thoro may be a 
considerable loss of light, however, in tho 
passage through tho lens system, not only at 
each transmission, but also owing to tho actual 
cutting off in tho combination when tho front 
and back elomonts arc widely seiiaratod as in 
the case of the early Petzval objectives, Oom- 
pacitiuiSH of design is therefore of importance. 

An objeetivo equivalent focal length of 4 
inchos is a common one, and since tho picture 


is 1 inch wide the angular field is about 16®, 
and for longer focus objectives still less. This 
small angular field makes it possible to obtain 
a quality of general definition on the screen 
that would be unattainable if the width of 
field common in the case of a portrait objective 
was required. 

Computation is also facilitated by the fact 
that complete freedom from distortion is 
not of greatest importance., With very few 
exceptions, the centre of the projected beam 
does not fall normally upon the screen, owing 
to the elevated position of the kinematograph 
booth and to the vertical arrangement of the 
screen. Bor these reasons the magnification 
at the bottom of the screen is usually greater 
than at the top by an appreciable amount 
considerably in excess of the distortion error 
attributable to a good objective. 

The principal aberrations that have to be 
reduced to a minimum in the computation of 
objectives are discussed in the undemoted 
works. ^ They are as follows : 

(i.) Chromatic aberrations. 

(ii.) Axial spherical aberration. 

(iii.) Coma. 

(iv.) Astigmatism and curvature of the field, 
(v.) Distortion. 

Freedom from chromatic aberrations ensures 
the absence of coloured margins in the projec- 
tion of black and white details and a true 
representation of coloured images. Crispness 
of central definition is associated with freedom 
from axial spherical aberration, and fulfilment 
of the sine condition. Coma or spherical aber- 
ration for extra axial points and astigmatism 
result in fuzziness and elongation of details 
which increase with the distance from the centre. 

When there is curvature of the field the 
image cannot be sharply focussed at tho 
centre and sides of the screen simultaneously, 
owing to tho image surface being curved. 
When astigmatism is present there are really 
two image surfaces whose vertexes coinoide 
on the axis where the astigmatic aberration 
is zero. Distortion, already referred to as 
being of secondary importance in view of the 
greater error duo to the angle of projection, 
results from a change of magnification from tho 
centre radially over the surface of tho screen. 

Most kinematograph objectives are based 
upon tho type of portrait objective invented 
by Professor Potzval of Vienna in 1840. 
This type is remarkable for its freedom from 
aberration over a central area corresponding 
with an angular field of about 8°, that is, 4° 
on either side of tho axis. Beyond this width 
non-fulfilment of Abbe’s sine condition becomes 
increasingly marked. 

^ Stoliilufll and Volt, Handbook, of Applied Optics, 
edited by .1. W. Krenc.h, voIm. 1. and il., li)18 : A. H. 
(Jory, “ Optical lUviulreiuontH of Motion Pl(^tnro 
Projection ObjcctlvcH,” Trans. Soc. Mot, IHrt. Kngru., 
April 11)18; 0. Lindsay Johnson, Photographic Optics, 
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The Petzval system comprises an outer 
cemented doublet nearest the screen and an 
inner non- cemented doublet nearest the film. 
It has the additional advantage that the 
latter is -not so liable to be affected by the heat 
of the concentrated light as would be the 
case if the elements were balsamed. In 1866 
J. H. Dallnaeyer considerably improved the 
uncemented element of the Petzval system. 

Py a judicious selection of types of glass 
introduced within comparatively recent times 
it is now possible to obtain numerous excellent 
anastigmatic combinations of British, Grerman, 
and Prench make that, in addition to crispness 
of definition over a large area, provide a field 
that is flat over nearly the whole angular 
width common to kinematograph projection. 

^ § (10) Illumin'ation'. — When it is con- 
sidered that the whole light available for 
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dMtobution OTOr the surface of the screen, 
majr be 20 feet long and 15 feet high, 
has to be emitted by the crater of the mo 
having an effective surface of less than 0-2 
sq. m., it -will be understood that a very 
mt^se source is essential Por 
projection lengths special inoandesoent tung- 
ston lamps 1 having a condensed area of 
mamrnt are extensively employed in America 
With these lamps there are used rear reflectors 
amd special corrugated condensers » ivhioh, 
exng placed near the lamp, intercept a large 
aoresMs of 20 feet 
width a more po-werful source, such as the 
carhon are, is still employed. 

In comparison with the incandescent lamp 
the oarbou aro» is more inconvenient to use, 
less constant, and less hygienic. If the carbons 


are solid the arc wanders and the illumination 
for this reason varies greatly, but usually 
the upper carhon has a soft core which, hy 
burning away more quickly, centres the arc 
and prevents wandering. When using alter- 
nating current both carbons are usually corod. 
Arc controllers designed to avoid hand control, 
and magnetic devices for steadying the arc, 
are available and are sometimes installed. 

When using cored carbons an illumination of 
about 120 candle-power per sq. mm. of crater 
is obtainable. An effective crater area of lOO 
sq. mm. or 0*16 sq. in., which is common, 
thus emits 12,000 c.p. If the aro was an 
unobstructed point source radiating in all 
directions, the nearer the condenser lens was 
placed to it the greater would bo tlio cone of 
light intercepted, and the greater tho light 
available. Much of the light, however, is 
obstructed by tho lower 
negative carbon of 
direct-current arcs and 
by the \ippor crater 
edge of tho positive 
carbon, and further, on 
account of the intense 
heat, it is not practi- 
cable to bring a con- 
denser Ions closer than 
in. to 4 in. 

A 4J-in. diameter con- 
denser lens, which is a 
usual size, sot 3-(> in. 
from the arc intercepts 
a oono of light whoso 
base covers 1 sq. ft. 
and whoso length is 
, 1 foot. Such a con- 

denser thus intercepts 12,CM)0 lumenB if tlu^ 
oandle-powor is 12,000. At oach triinsmisHion 
surtace at least 4 per cent of tho inoidont light 
IS lost, in aooordanco with tho yoimg- Kn.snel 
aw. Thoro is also some absorption of light 
by ^0 glass. In tho oaso of tho ohioctivo 
this IS almost negligible, ns the glass oinployoil 
18 of good optieal quality and the thickiK'SHOs 
are small. Glass of a mueh inferior ehanieter 
18 too frequently omployed for the oondi-nsor 
lenses and tho loss is then quite important. 

It *8 yory qnostionahlo economy t.o nso con- 
denser lenses mado of a typo of window ghisH, 
os IS so frequently tho onse. 

The losses of ilglit in its passage from tlm 
first oondonser surface facing the arc to the 
screen aro as mdientod in Fir;. 13. At tlio 

the light inoKlont at each of tho rosisM-tivi' 
surfaces is lost. An ahsorption of 5 tio,- , 
per cm. thickness iil glass has Ixiui iissnincd, 
but this amount is often o.y«x>do<I. In (i,,. 
tot lens the io^ is 17 i-er <iont and h, tho 

ih ! tLr® The loss 

in a triple coudonser ih Btill groiitcr. 


Screen P 


.f 

Lumtm S3 7SOO 
ilroasB $00 sq.ft 
Candle Pomrs=4'3 
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It has been assumed that the whole circular 
area of the condenser lens contributes light. 
Actually, however, only a rectangular area 
corresponding with the rectangular form of 
the film aperture is utilised. About 40 per 
cent of the circular beam is cut off by the 
rectangular aperture at E. Thus about 40 
per cent of the original light reaches the 
film E. Only an approximate estimate of the 
loss at the film is possible, as the density varies 
greatly. Photometric measurements show 
that 26 per cent of the light may be lost in 
transmission through even the least dense 
parts. 

The objective, whose surfaces are lettered 
G to N, usually has two unoemented lenses 
which involve a drop from 30 per cent to 26 
per cent, and one cemented doublet which 
involves a further drop to 22 per cent. 

In the usual flicker shutter 0 there is a very 
large loss of light, amounting in one commonly 
used type to nearly 60 per cent. Of the total 
light incident upon the first surface A of the 
condenser, namely 12,000 lumens, only 11 per 
cent passes the shutter, that is 1300 lumens. 
Neglecting the loss through absorption by 
the atmosphere, which may be considerable, 
this quantity of light is available for distribu- 
tion over the screen P, having an area of, 
say, 300 sq. ft. Thus, assuming the whole 
film is of the lightest shade, the intensity of the 
light on the screen would be 4-3 foot-candles. 
The actual intensity reflected to the observer’s 
eye is considerably less, and depends not only 
upon the nature of the screen but also 
upon the obliquity of the observer’s line of 
sight. 

§ (11) Thb Sorbbn. — A perfect reflector if 
used as a screen would reflect a high proportion 
of the light, but only in a definite direction 
determined by the angle of incidence. A matt 
surface, on the other hand, diffuses the light 
over a wide angle, within which the picture is 
visible, but the light reflected in any one direc- 
tion is correspondingly loss. Thus, although 
the albedo value, that is, the ratio of the 
reflected light to the incident light, for a 
polished glass shoot silvered on the back may 
bo 90 per cent, such a screen would bo quite 
unsuitable as compared with a matt surface 
of fine white plaster which, when clean, has 
an albedo value of about 80 per cent but 
spreads tlio rofleotod light over a wide angle. 

White cloth well stretched reflects from 
70 to 75 per cent of the light. Cartridge 
paper has even a higher albedo value, but 
such hygroscopic materials readily deteriorate. 
The choice of a screen surface^ depends also 
upon the maximum obliquity from which it 
must bo viewed. 

' .Touch and Filllus, K.(dl(ic.tlon Oharat^tcrlHtlcft of 
Projocition Hctcouh,” Tram. ISoo, Met, Piet, Bngrs.i 
Oct. am P. 59. 


Glass screens ® ground on the face and 
silvered on the back confine the greater paiii 
of the light to an angle of about 30° and 
may have a good reflecting value of over 
80 per cent when clean, but moisture on the 
ground surface has a serious effect upon the 
spreading power of the parts affected. 
Screens coated with silver, aluminium, or 
other metallic paints are often used. Special 
claims are sometimes made for yellow-tinted 
surfaces that reflect a greater proportion of 
yellow light.® Whatever the type of screen 
employed, it is essential that its surface should 
be kept clean and dry, as otherwise the reflect- 
ing power may be much reduced. 

§ (12) SrBoiAL Forms or Machine. — It is 
not possible within the limits of this brief 
account to deal with the more special applica- 
tions of the kinematograph. 

For the projection of synthetically coloured 
pictures Friese Green in 1899 proposed the 
use of a red, green, and blue rotating shutter 
in front of the objective. In the original 
kinemacolour method successive exposures of 
the film in the camera are made through three 
and sometimes two filters eonseoutively, and 
each set of three or two eonsocutive pietures 
is projected simultaneously, and in other 
arrangements alternately, upon the screen 
through corresponding filters. Numerous other 
arrangements have been proposed for the 
synthetic production of natural colours,* 
but, in view of the expense and complications 
involved, simple hand-tinted films ^ are more 
frequently used whenever coloured pictures 
are desired. 

The kinematograph is of groat soiontific 
value for the analysis of very quick motions,® 
the pictures being taken at a rapid rate in the 
camera and projected upon the screen at the 
rate of about sixteen per second. 

Many inventors have attempted to devise 
a satisfactory dissolving view machiue, the 
advantages of which need no description, but 
no real practical success can bo recorded. 
The intermittent machine, notwithstanding 
its inherent difficulties, still remains un- 
surpassed for the projection of pictures under 
picture-house conditions. Most of the con- 
tinuous devices hitherto proposed have 
involved a largo number of lenses, prisms, or 
mirrors difficult to adjust or maintain in 
adjustment individually with the accuracy 
essential for the projection of a picture at a 


■ Cardwell and Burrows, Light Tntonsttlcs for 
Motion Wetnro Projection, " Trann. Poo, Mot. Piet. 
Bnm-, Oct. 1017. 

• .Rlciiardson, Motim Picture Itmdhookj p. ICC. 

• TIopwood and Poster, UHtw Pictureft^ 1915, 
chap. vll. j Kelley, “ Kutnral Oolour Oinoniato- 
grapliy,” Trans. Poo. Mot. Piet. Unyrs.^ Nov, 1918, 
p. ,'J() ; (Jar! J^orch, Per Kinematograph, clmp, x. 

p. 111). 

® Blair, " The Tinting of Motion Picture Film,** 
Trans. Poc, Mot. Piet. Kngrs., May 1920, p. 45. 

• H. Lehmann, Pis KinemaJtographie, see. Iv. p. 66, 
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distance of a hundred feet, which is qtiile a genered introdnetiou of portable kinemato- 
conuaon practice. graphs ® jfor tom© and commercial purposes, 

Many attempts have also been made to pro- is dependent upon the development of a 
jeot stereoscopic images ^ upon the screen, but durable non-inflammable or slow-burning 
with little real practical success. The use of film. If slow-burning non-standard film is 
coloured spectacles to view suitably coloured used, the choice of subjects is at the present 
pictures is unlikely to become popular. An time greatly restricted. j w F 

impression of depth can also be obtained from 

the parallax appearance resulting from a trans- 
lation of the camera during the exposure of Kiroblhoff’s Law of Radiation’. See 
the fihn “ Radiation Theory,” § (4). 


a very considerable extent the use of 

the kmematograph in schools, and the more 

L 

L Series: a group of spectrum lines in the 
characteristic X-rays emitted by an element. 
See “Radiology,” § (17). 

Laioeet : a unit of brightness used in 
America. It is equal to the brightness of a 
perfectly diffusing surface of unity reflection 
ratio, illuminated to the extent of one phot 
(q.v,). It therefore equals 1/r candles per 
square centimetre. See “ Photometry and 
Illumination,” § (2). 

Lamp Rotator: a device for obtaining a 
measurement of mean horizontal candle- 
power of a lamp by a single photometric 
reading. See “ Photometry and Illuinina- 
tion,”§(38). 

Landolt and Lippioh’s Polarbieter ; an 
instrument for measuring the position of 
the plane of polarisation, depending on the 
us© of a very in’tense light source and a pair 
of wide-angled Xiool prisms, the field being 
not uniformly dark but crossed only by a 
narrow black band. See “ Polarimetry,” 
§( 9 ). 

Lantern Pro jeotion of Images on a Screen. 
See “ Projection Apparatus,” § (14). 

Latitude, definition of. See “ Surveying and 
Surveying Instruments,” § (4). 
Determination of, for survey purposes. See 
ihU, § (24). 

Latjeent Polarevietbr. See “ Polarimetry,” 

§( 5 ). 

Lead, Use of, in Glass Manufacture. See 
“ Glass,” § (8). 

Leading Marks for Fixing Position. See 
“Navigation and Naviga-fional Instru- 
ments,” § (2). 

Length, Focal, determination of, for simple 
spherical lens. See “ Lenses, The Testing of 
Simple.” 

Lens, aapherical : a type of spectacle lens 
designed to correct the aberration intro- 
duced when the eye looks towards the 
edge of the lens instead of to the centre. 
See “ Ophthalmic Optical Apparatus,” 

' Carl Fcrch, Einmatograph, chap. xi. p. 136. 


onig-Martbns Spectrophotometer. See 
“ Spectrophotometry,” § (12). 


Bifocal : a type of spectacle lens having 
two different powers or foci set in the 
same eye-wire or spectacle frame ; the 
upper focus is used for distance and the 
lower for reading or close work. See 
ibid, § (S) (L). 

Cataract : a type of spectacle lens for 
aphakic patients, designed to reduce the 
weight and aberration of the suitable lens 
of .an ordinary type. Bee ibid. § (8) (iii.). 

LENS SYSTEMS, ABERRATIONS OF 

§ (1) Intboduotion. — The Gaussian theory of 
a system of coaxial lenses is given in the 
article on “Lenses, Simple Theory of,” while 
in the articles on the Lenses for Telescopes,® 
Photographic Lenses,* and Microscopes ® refer- 
ence is made to the various aberrations to 
which any such system is subject. 

In the following sections the theory is given 
of the five first-order aberrations, generally 
known by the name of Von Seidel, viz. Dis- 
tortion, Curvature, Astigmatism, Coma, and 
Spherical Aberration. A more complete treat- 
ment will b© found in the article on Systems 
of lenses. 

§ (2) Hamilton’s Oharaot eristic Funo- 
TiON. — Light is propagated by transverse 
waves which spread outwards from any 
luminous source ; in an isotropic medium — 
one, that is, which has identical ]>rop©rtics in 
all directions — the way© velocity is the same 
in all directions, and the waves emanating 
from any point source spread outwards in 
sphere. Consider now the disturbance leaving 
the source at any given instant ; at any future 
instant, supposing no reflection or refraction 
to have occurred, its effect will bo spread over 
a sphere having the source as centre, and tlio 

' * A. F. VIcton " The Portable Prolcotor,'’ Trans. 
See. Mot. Piet, Enffrs., April lOlS, p. iiO. 

® 8eo “ Telescopes,’' § (3). 

* 8eo " Pliotofirapliic lenses," § (8), 

“ See" Microscope, The OpticalThcory of,"’ §§<5), 
etc. 
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time takea to reach any point on this sphere 
will be the same, and will be given by dividing 
the radius of the sphere by the velocity of the 
light. This sphere constitutes the wave front 
for that disturbance. The effect of reflections 
or refractions, such as take place at the sur- 
faces of a series of lenses, is to modify the form 
of the wave surface, but it always retains this 
fundamental property ; it is the assemblage 
of points at which the disturbance emanating 
from the source at any given instant has 
.arrived at the instant considered, and its form 
is given by the fact that the time taken to 
travel from the source to all points on the 
surface is the same. iMEoreover, it can be 
shown (i.) that the light which reaches any 
point is travelling at right angles to the wave 
surface through that point, and (ii.) that the 
ray or path by which the light has travelled 
is such that the time of transit from the source 
to the point is the least possible. 

Now if a:, 2/» 25 be the co-ordinates of any point 
on the wave front we may write its eq[uation as 
J{xi/z) = c, and since the time of transit from 
tho origin to any point on the wave is constant 
we may express the time as a function of the 
variables which is constant when the point 
xyz is on the wave front. This will be satisfied 
if the time is expressed as a function of 
Thus, if Y denote tho time w© may put 

Again the direction cosines of the direction of 
propagation, which, as we have seen, is normal 
to tho wave front, are proportional to dflAx, 
dfiily, and dfjilz respectively. But 


perpendicular to this axis or on surfaces of 
revolution about the axis. 

Let X, Y, Z be the co-ordinates of a point P 
{Mg, 1) in the object space, consider a fixed 



plane — ^the plane of a stop in the lens system 
— in the image space, and let the ray con- 
sidered. meet this in P' whose co-ordinates 
are rj, 

Let planes through P and P', normal to the 
axis, meet it in 0, O' respectively. Then it is 
clear from the symmetry about the axis that 
for any pair of points P, P' in these planes V 
will be the same, so long as the dhtanoes 
OP, O'P"' and the angle between OP and O'P' 
are fixed; thus, denoting this angle by 0, V 
may be treated as a function of the distance 
between tho planes considered, the radii OP 
and O'P' and the angle But 


OP=(Y*-)-Z«)i, 


cos 0 = 


Yv + Zt 

5p7o'P 




Hx if 

Thus the wav© travels in a direction whose 
direction cosines, given say hy L, M, N, are 
proportional to dVjdx^ dY/dy, and dV/d 2 , when 
V represents the time taken to travel from the 
source — the origin — to the point x, y, z. 

Fronx this it follows that if V be regarded 
as a function of the co-ordinates of two points, 
one in the object, the other in the image, 
space — V being tho time of transit between 
tho points — tho differential cooflfiicients of V 
with regard to tho co-ordinates of tho points 
give tho initial and final directions 
of the ray passing through tho points. 

Thus a knowledge of V, which is tho 
characteristic function of Hamilton, 
enables all the properties of the Ions 
system to bo deduced. 

§ (3) HAMiLTOisf’s TcTNonoir fob a 
S miEs OB’ Coaxial Lenses. — ^T ho 
problem is siniplifi.ed in the ease of 
a system of lenses by the facts (i.) that the 
system is symmetrical about tho axis of tho 
lenses, and (ii.) that the objects and images 
considered are assumed to lie either in planes 


and 


00'=|-X. 


Thus we may treat V as a function of Y® -h Z^, 
^ 2 4 - fa, Ytj-I-Z^, and|-X; this latter quantity 
is constant if the images are plane. Again 
in lens problems the quantities Y, Z, tj, f are 
small compared with the focal lengths and 
other constants of the lens and with the 
distances of the object and image from the 
unit pianos of the lens. 

Thus wo may expand V in powers oi Y® -hZ*, 
YijH-Zf, and %®-i-^^ and if we retain only 
tho fourth powers of the small quantities we 
obtain the expression 

V -f Z*) ■+ v,{Yyi Zr) 

- H- Z2){ Yij H- zr) H- Zf) ** 

•h2{v^ 4- v,){Y^ -f Z»)(oj» 4:V8(Y77 -1- ZrX ’?® + ^ 

• “ • terms involving higher 
powers of tho variables, 

where the « j’s are quantities which depend only 
on tho properties of the lenses through which the 
light has passed and on the positions of the object 
and stop planes, the values, that is, of X and 


(1) 
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Also we have for the direction cosines of the 
emergent ray 

dY 


dif) 

Thus 


N=~, L=(l-M2>-N2)i 


K (2) 


M = Y + iv,(Y^ 4 Z^) - v,{Yv 4 Zf) ’ 

- '»?K + iK+*^7)(Y2 4Z®) -W8(Y»7+Zi-) 

with a similar expression for N, but with 
Z and f before the two brackets in place of 
Y and rj. Also 

L = 1 4 ® 4Z2) - VjV^iYr, 4 Zf) 

4-M^" + n+ • • • (3) 

§ (4) Position of the Ima-ob. — ^N ow let the 
image plane be at a distance Xf from the stop 
plane, and let Y', Z! be the co-ordinates of the 
point in which the ray L, M, N meets the 
image plane. Then 

M, 


Y'=77 4~X'1 

z'=r+^x' 

Therefore 

Y'=774M:X'{l-ii;2(Ya4Z*) 

4 V2^8(Y77 4Zf) - 4 f®)} 

= X'YK4i(^^5-V)(Y®4Z®) 


(4) 


h (5) 


4X'77{(1/X0-^3 

- - v^% 4 Vy){Y^+Z^) 

+(^8- v3®)(Y^+zr) 

with a similar equation for Z\ 

Now the condition that the plane for which 
the intersections have been found is the correct 
image plane, is that, for terms of the lowest 
order, Y' and Z' shall be proportional to Y and 
Z respectively, for the image must be similar 
to the object. Thus we must have X'^l/uj. 
Hence the traces of the ray intersections with 
the image plane are found by substituting this 
value of X' in the above expressions. 

We can simplify these expressions by sup- 
posing that the axis of y passes through the 
source of the light so that Z=0. If this be 
done, we j&nd the values 

2v,Y'=2v^Y ^{v^-vJ^)Y^ 

“ {3(^0 ■” "h^?} 

4 (Vg — V2?^3^)Y(3?7® -h 
-(V9”V3®W’7®+n (6) 

2i;3Z'= - {(^;8 - v^}Y^t 

^2(v^‘-v^v^^)Y7j^ 


§ (5) The Abereations. — These expressions 
agree with those employed in discussing the 
aberrations separately in § (8) of the article on 
Photographic Lenses if we put 
VzY=v^, 

Y'=y + 5y, 

Z'=0 + 5z, 

so that y, 0 are the co-ordinates of the image 
when there is no aberration, and ^2/, the 
aberrations in the radial and transverse direc- 
tions respectively. 

(i.) Distortion . — The first term in the ex- 
pression for the aberrations is given by 

and this gives the distortion ^ in the form 
8y=ajy^, 


where 


«i = 




2vJ 


V; 


the image is displaced by this am ount in the radial 
direction and the aberration is wholly radial. 

(ii.) Curvature and Astigmatism ,. — ^We have 
next the terms in Y^rj and Y given by 


and 


2«j/= - i{3(®e - -I- V,} 


j- 


( 8 ) 


or, as we may write them,® remembering that 
Y2 = ^ 


and 

where 


P^ = i?(3e+e'), 

«=;ra(”c-*’aX). 


c = -4^7. 


To examine the nature of this aberration 
more closely consider the intersection of the 
rays with a sphere given by the equation 

where R is the radius of the sphere. 

Additional terms arc thereby introduced into 
the right of equation (6), which arc given by 

or, putting Z =0, the further terms in 2vqY' are 


and in 


1 ^2®Va 1 


^ See “Photographic Lenses/* § (8) (ii.) (a). 
* See ii)id. § (8> (ii.) (d. 
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The additiona .1 term in Y® means that the 
ray through the centre of the stop for -^^hich 
97=^=0 strikes the sphere in a point at a 
Afferent distance from the axis from that in 
which it meets the plane. 

The complete coefficients of the terms in 
Y^ and Y^^ become 

- |3(», - +V, +^02*} 

and -((f.- V«3)+®7 + gV}- 

Thus the spreading of the light which these 
terms imply disappears if surfaces of curvature 

-A{3(»6-«aS)+»7} 

V2 

“d -^{(««-V®2)+»7} 

be considered as the image surfaces instead of 
the plane given by X' In other words, 

the defects are due to the fact that pencils for 
which rj is appreciable and ^ small come to a 
focus on a spherical surface having the former 
curvature, those for which ^ is small and ^ 
appreciable focus on a surface having the 
latter curvature. Thus the images are curved. 
Clearly, also, if e is finite the two spheres 
are distinct, no point image is formed ; the 
aberration to which this gives rise is known 
as astigmatism. These curvatures may be 
written - ( 3 e + eO/^3 fl^nd (e-i-e')/v8, and should 
he compared with the oorroaponding ex- 
pressions given in the articles on “Optical 
Calculations,” § ( 17 ), and “ Eyepieces, ” § ( 4 ). 

(iii.) Coma , — ^Tho next two terms ^ in the 
expressions for 8y and dz are 

2vQ8y=={v^ - +• 1 

2^352; =2(^8 - r 

and these may ho written 

+n +(’?*- i*) 

cy 

=r®(2-f-oos 26 ) 

and =:2i)f =r® sin 20 ; 

cy 

if 77 =r 008 B, sin 6, 

(5i/-2c2/r®)2-h(5i8)®=cV^- 

Thus the rays from a zone of the stop for 
which is equal to a constant pass through a 
circle in the image plane, the co-ordinates of 
whose centre are given by 0, and whose 
radius is cyr\ 

It will bo noticed that 8z = 0 , i.e. the rays 
meet the image plane in the axial plane 2=0, 

1 See " Photographic Lenses,” § ( 8 ) (li.) (c). 


both when 77=0 and when s‘'= 0 . In the first 
case 


cy 


and in the second 

5y_ 


: 3772 = 3 r 2 . 


Thus, in the second case the displacement of 
the image from its ideal position is three times 
as great as in the first. 

Again the rays from opposite ends of any 
diameter of the annulus of the stop, i,e. from 
points whose co-ordinates are respectively 
r), and -tj, -i*, meet the image plane in the 
same point. The complete circle in the image 
plane is formed hy rays from half the annulus 
of the stop, thus when the complete annulus 
is considered the image circle is formed twice 
over. 

(iv.) Spherical Aberration . — Spherical aberra- 
tion ® is independent of Y ; it exists when Y 
is zero, or the light comes from a point on the 
axis of the system. In the expressions for 
2t;8 Y' and 2V3Z' we have the terms 

and - (®g - + f®). 

or, as we may write them, 

^=^=0ir». . . . (10) 

These do not vanish with Y, and indicate that 
a ray from an axial point passing through a 
point 77f of the stop is not brought to a focus 
at the same point as a central ray for which 
X' is l/vQt hut at a point for which X' has the 
value given hy 

where S is a quantity depending on the 
sphoncal ahetration. 

We find on maldng this assumption an addi- 
tional term in the expression for 2^3 Y', 

and in that for 2V3Z', ^ 

The terms in (77® + f®) then disappear from our 
expressions for 8y and 8z if 

if 

which indicates different focussing planes for 
light from an axial source passing through 

* See Photographic Lenses,” § (8) (ii.) (b). 
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distinct zones of the slot. The axial dis- 
placement dx of the focus is given hy 

where, as "before, r is the radius of the zone. 

In applying this analysis of the aberration 
bo any actual system it must be home in mmd 
that, in order to obtain a satisfactory corre- 
lation between theory and the appearance of 
the image, the intensity distribution derivable 
from theory must be considered in conjunction 
with the geometrical trace, and, further, that 
the theory must be modified to allow for the 
effects of diffraction whenever very small 
dimensions are in qLuestion. The appearances 
due to aberration are modified from those 
derivable from the foregoing theory of small 
aberrations. 


Lbitses, concave, the testing of. See 
“ Lenses, The Testing of Simple,” § (3). 

Convex, the testing of. See § (1). 

Ophthalmic. See “ Ophthalmic Optical 
Apparatus,” § (8). 

Testing of Camera. See “ Camera Lenses, 
Testing of.” 

Thin, the theory of. and application of 
results to “ close * lenses. See “ Optical 
Calculations,” § (7). 

LENSES, THE TESTING OF SIMPLE. 

The chief characteristics to be examined in 
the testing of a simple spherical lens are, 
firstly, the focal length, and secondly, the 
centering error, that is to say, any want of 
coincidence of the optical centre with the 
geometrical centre of the lens. In the case 
of a cylindrical lens attention must also bo 
paid to the orientation of the axis of the 
cylinder. 

The theory on which the teats are based is 
dealt with elsewhere.^ 

These tests are most easily carried out on an 
optical bench such as is illustrated in 
1, 2, and 3. A standard at one end of the 



Pig. 1. — Optical Bench for testing the Lenses 
in Oculists' Trial Cases. 


bench holds a collimator c {Wig. 1) with illumin- 
ated vertical and horizontal cross-wires at 
* See “Lenses, Theory of Simple.” 


its focus. At the other end, facing towards 
the collimator, is a microscope m which can 
be moved parallel to itself in a vertical or 
horizontal direction, while at its focus is a 
graticule M [Wig. 2) engraved with vertical 



and horizontal cross -lines cutting symmetric- 
ally across a series of concentric circles of 
radii 1, 2, 3 . . . mm. An endless steel tape 
i (W'ig. 3), attached to a lens-holder and 
passing over a pulley at each end of the bench, 
enables the observer to adjust the holder to 



Fig. 8. — ^Tra veiling Carriage with Eotating Hoad 
on Trial Case Lens Testing Jiondi. 

any position along the bench. The portion of 
the holder which grips the Ions can bo rotated 
about a horizontal axis in line witli the axis 
of the^ collimator. The lens A, whicdi is lield 
in position by an adjustable screw s, can thus 
be rotated in its own piano, the amount of 
rotation being indicated on a circular scale. 
A second standard for holding an auxiliary 
lens can be placed on the bench at any point 
and its position read by means of a pointer 
worldng over a scale on the boncli. 

(i.) Convex Lenses. — The lens under tost 
is placed in the holder and brought close 
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up to the microscope, the position of which 
is adjusted to bring one edge of the lens 
into the field of view. The screw holding 
the Ions is adjusted so that on. rotation the 
edge of the lens remains in a fixed position 
relati\re to the paicroscope cross - lines ; the 
geometrical centre of the lens is then on the 
axis of the bench. Next, the holder is racked 
along the bench until the lens focusses the 
collimator cross-wires on the graticule of the 
microscope. If the lens is rotated, any separa- 
tion of the optical centre from the geometrical 
centre will cause a corresponding rotation of 


Eor biconvex lenses of eq^ual radii and of 
considerable thichness a length^ 2^//^ must be 
added to the back focal length to give the true 
focal length, i being the central thickness and 
fjL the refractive index of the lens. In obtain- 
ing this expression the square of the thickness 
has been omitted. For glass of refractive 
index 3/2 the correction comes to i/3. 

(ii) tlse, of Auxiliary Lens . — This method 
of measuring focal lengths is obviously 
applicable only to positive lenses whose focal 
length does not exceed the available length 
of the bench j with lenses of longer focus 


Leas A 


-> 

I’m. 4. 



the central point of the image in a circle of 
radius equal to the centering error in the lens, 
and by adjusting the microscope to make this 
circle of rotation concentric with the circles 
engraved on the graticule, whose radii are 
known, the centering error can be estimated 
to 0*1 mm. If, as in cases considered later, 
an auxiliary lens is used between the test lens 
and the microscope, the magnification it 
produces must be taken into account when 
estimating the centering error by this method. 

When the lens A focusses the parallel rays 
from the. collimator on to the graticule M (Fig. 


and with negative lenses a positive auxiliary 
lens must be used. The arrangement is in- 
dicated in Figs. 5 and 6. An equiconvex 
lens B of suitable focal length is mounted on 
the bench and its position noted when it brings 
parallel rays to a focus at the graticule M 
Fig. B). If and Fg represent the foci of 
lens B, F 2 will in this case coincide with M. 
Let the distance B 2 E 2 , determined as de- 
scribed before, be p. The test lens is then 
introduced between lens B and the collimator 
(Figs. 6a, 6b), and the position of each lens 
is read when together they bring the rays 


Lens B 



Fia. &. 


4), tho distance AM represents the focal length 
of the lens, neglecting the thickness of the 
latter. The position of A can bo road on tho 
tape, and the corresponding reading for M 
may bo found by taking' tho tape reading 
when tho lens is separated from the graticule 
by a small gaugo of known length ; the 
difforonco between those readings for A and 
M will give the distance of the focus from tho 
back surface of the lens, that is, the back 
focal length. If tho Ions is thin, this will not 
differ from tho true focal length by more than 
the probablo experimental error. All plano- 
convex or plano-concave lenses should he 
tested with their curved surface towards the 
microscope, for then the second nodal point 
coincides with this surface and the focal length 
will be equivalent to the back focal length. 


to a focus at M. Let the distances AM and 
B. 2 M ho now q and r respectively. The 
formation of the imago is shown for a positive 
lens in Fig. 6a and for a negative lens in Fig. 
6b. In Fig. Ca parallel rays passing through 
A converge towards 0; 0 may therefore be 
taken as a virtual object the image of which 
is produced by the lens B at M. If B is 
equiconvex and of thickness t, assuming a 
refractive index of 3/2, its first and second 
nodal points lie within the lens at a distance ^ 
f/3 from Bj and Bj respectively; hence the 
focal length of B is p + f/3, while the dis- 
tances of the object 0 from the first nodal 
point, and of the imago M from the second 
nodal point, are respectively B20-t-2^/3 and 
B 2 M •+■ if/3. 

^ See "Lenses, Theory of Simple.” 
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focal length of the auxiliary lens and depends 
only upon the amount of shift of this lens 
betw-een the two positions, a meaBuremont 
much less susceptible of error. The second 
formula is also independent of the thickness 
of the auxiliary lens ; if necessary, the formula 
may be modified to take account of the thick- 
ness of lens A. 

(iii.) Concave Lenses . — A third method is 
applicable for negative lenses only ; tho 
arrangement adopted is indicated in Fig. 8. 
The lens B is placed in any convenient position 
so that lens A may first bo adjusted to produce 
in .conjunction with B an image of the coUi- 



fia. 6A. 


Xens Lens 
A B 

« ^ 

o' Ft 


ItG 6B. 



Therefore, using the ordinary formula 
f(U'-v)=uv, we find 

= (B,0+f)(B,M+|) 

or 

(p+l) (/-g+l) = (/-2+|+^+§) 

giving 


Hence the focal length of lens A 



A si m ilar formula is obtained in the case of a 
negative lens, illustrated by Fig. 6b. 

Another arrangement is sometimes prefer- 
able. In this lens A is placed between the 


mator cross-wires at M, and afterwards may 
be placed at the conjugate point to M wit-h 
respect to the lens B ; in Fig. 8, Aj_ and Aj 
represent these two positions. The ])<)Hiti()n 
Aa is determined by dusting a little lycopodium 
powder on to tho back surface of A, and 
adjusting A until an image of tho i)owdor is 
focussed by lens B at M. Tho distance moved by 
lens A between the two positions is e(iui valent 


Lens B 


■5- 



auxiliary lens and the microscope (Fig. 7). 
Using the same notation as before, the same 
formula may be applied, this time connecting 
the distances of 0 and M from the lens A. 
Neglecting the thickness of A, we have 

/(AM-AO)=AM. AO 


or 


•' r-p r-p 


It will be noted that with both arrangements 
tho focal length / is independent of the actual 


to the back focal length ; the correct tion to Ix^ 
applied to obtain tho true focal length is very 
small unless tho central thicknows of tho leuis 
is large. 

The accuracy obtainable by these mothods 
is not very great, in the case of long foc.us 
lenses especially, but tho limits of error tire 
small compared with those which are per- 
missible in a simple lens used for a Bpc'ictaolo 
lens, and it is for lenses of this class that tho 
tests are generally used. More aocuntU) 
methods of focal length measurement, which 
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may also be applied to simple lenses, 'will be 
found under the article “ Objectives, The 
Testing of Compound.” 

(iv.) Optical /Standards Committee . — ^In 1908 
the Optical Standards Committee of the 
Optical Society laid do'wn certain limits for 
the error permissible in the manufacture of 
spectacle lenses ; ^ these havfe obtained recog- 
nition generally, and are the limits allo'wed in 
the testing of trial case lenses at the National 
Physical Laboratory. 

As the thickness of a negative lens may be 
kept small, no matter what the power may 


The maximum permissible error in the marking 
of the cylindrical axis of a lens is 2® ; on a 3*8 om. 
(IJ in.) lens this is equivalent to a displacement 
of each of the marks by 0*6 mm. ^ 

LENSES, THEORY OP SIMPLE 

§ (1) Gauss Thboey of Leitses. — The 
simple theory of lenses developed below is 
due to Gauss. It is assumed that the rays 
of light considered are nowhere inclined at 
more than a small angle to the axis of the 
lens ; that to any point in the object space 


Lens B 



Fig. 8. 


bo, the latter can be found with considerable 
precision by measurement of the surface 
curvatures, taking a standard value of 1-62 
for the refractive index of the glass. In the 
case of positive lenses the power is less inde- 
pendent of the tliiokness, especially with strong 
lenses ; it is the recognised custom, therefore, 
to make the standard power and thickness 
of a positive Ions such that it will exactly 
neutralise a standard negative lens of equal 
power. This method of neutralisation gives 
a simple moans of checking one lens against 
another, and with experience an accuracy of 
at least i D may bo obtained. 

According to the nilcfl adopted by the Committee, 
the true power of a negative lens must not diitor 
from the nominal value marked on it by more than 
± 2 per cent, or by more than :[• O-Ol D if tliis is 
greater than 2 per cent. For positive Ioiihoh of powers 
loss than 10 D the limits are the fwinio ; for eciui- 
oonvex lonseH between 10 1) aiul 12 1) inoluHivo iho 
limits of error are -}- 3 per c<Mit and — 1 per cent, and 
for IcnscMS between 13 I) and 20 1) inoluHive the hniits 
are ■1-2^ per cent and ~1 per oerit. 

The standard tliiokuess of nil negative lotises is 1 
mm. at the ot^ntro. The standard thiokiicwB of a 
positive lens of any dellnito power is the minimum 
thiekIKW^ possible for a lens of that power with a 
diameter of 3*8 om. (IJ in.) and an edge thickness 
of 0-5 mm., the refractive index being 1*50.® This 
varies from 4-‘3 mm. for a 10 i) lens to 7*8 mm. 1) 
for a 20 1) lens. 

The limits of error allowable in the centering of 
a spherical lens are as follows ; 

1 mm, for lenses between 20 D and 1 D. 

2 mm. for IcnsoB betw'cen 0*87 U and ()’37 D. 

3 nun. for a Ions of 0’25 I). 

6 mm. for a Ions of 0-12 I). 

* Eoport of Optical Standards OommJttoo on 
Standardisation of Trial Oases, 1008. 

* An increase of 1 min, in the thickness of a lens 
prodiu^os a change of power of -0*00 1) in a lews 
of power 20 I>, and -•0*02 I) in a lens of 10 1>. 


there corresponds a point-image in the image 
space, and that the image of a small line in 
the object space intersecting the axis at right 
angles is itself a small line at right angles to 
the axis in the image space. 

Wo assume further, in obtaining the for- 
mulae, that light is travelling from left to 
right and that lines drawn in this direction 
are positive ; the radius of any spherical 
surface on which the light falls is thus 
positive when the surface is convex to the 
light. 

§ (2) Luns PoEMtiLAB.-— CJonsider a ray TQ 
{Fig, 1) converging to a point Q on the axis AO 



of spherical surface AT ; it is refracted at the 
surface and the refracted ray outs the axis 
at Q', and if AQ=;tt, AQ' = v', AO=r, and the 
refractive index bo /U, wo have 

/A _ 1 " 1 

v' -It r * 

sin O TQ ^sin OTQ sin P OQ^ 

OQ^FQ' OQ^AQ' 

“PQ OC? AQ OQ" 

when P is very near to A. 
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Heaoe 

and 


fjM{v''-~r)=v\u-r) 

fi. 

v' u r ’ 


( 1 ) 


Consider now the case of light traversing a 
Liconvex lens ACB' (Fig^. 2) ; the ray PQ' strikes 



the concave surface at P' and is again refracted, 
cutting the axis at Q^. Let A'Qi=Di, the 
radius of the second surface be s and the thick- 
ness AA' he t. We assume the medium on 
both sides of the lens to he the sanie> Since 
the surface is concave to the light s is negative. 
Also A'Q' = ^J' - 1, and we have, the refractive 
index from glass to air being l//t, 

1 /m ^ 

<0 V' — t 8 IAS ^ 


1 ^ - 1 

v v' — t s' 


( 2 ) 


On substituting in (2) the value of v' derived 
from (1) and reducing we arrive at an equation 
which may be written either as 


-i-5 


( 3 ) 


or 

where 


av - 7' 




^ 8 fA 


7 = 1 - 


/^-l t 


( 4 ) 


( 5 ) 


5= - 




J 


By substituting the values of a, p, 7, 5, 
found above, we can also prove that 

a5-i87=-l. ... (6) 

§ (3) PnrNOiPAL Foor. — If in the above 
formulae we make 2^ = 00 so that the incident 
pencil consists of parallel rays, we find 

«=^=A'P' (say). 


» T’or the more complicated case of a series of 
lenses S(^o “ Opti(.*al Calculations.” 


F' (Fig, 5) is then the point known as the 
second principal focus. 

'W'hile if we make 2? = 00 so that the emergent 
pencil is parallel, then 

24 = - - = AP (say), 

ct 

and F is the first principal focus. 

li Q and Q' are any pair of conjugate points, 
then 

FQ . F'Q' = (AQ - AF)(A'Q' - A'F') 

and this, on substituting for u and v, leads to 

FQ.FQ'=5^^=-i . . (7) 

§ ( 4 ) MAaOTIOATIOX OAirSHD BY Ebfrao- 
Tioir . — We can find an expression for the 
magnification caused by refraction thus. 
Consider the rays converging to a small object 
QM (Fig. 3) at right angles to the axis of a 
single refracting surface AP with its centre at 



0. An image M'Q' is formed at Q' and with 
the previous notation 

v' lA r ' 


An incident ray such as LOM, which passes 
through the centre O and also through a point 
M of the object, passes on without deviation. 
Thus M', the imago of M, lies on this ray ; it 
will therefore be the point where a lino Q'M' 
drawn through Q' at right angles to the axis 
cuts LOM. Thus Q'M' is the image of QM, 
and the magnification duo to the one 
refraction is measured by the ratio of Q'M' 
to QM. Hence 




QM 


But we have already seen, § (2), that 
fm{v' - r) = 2;'(24 - r). Thus 


1 V' 

V u' 


. ( 8 ) 


Proceeding now to the caso of the Ions 
(Fig. 4), the image Q'M' formed by the first 
refraction is again magnified * at the second 


® In the figure as drawn the image is dimlnlBhod, 
not magnified; the magnification is less tlian tmity. 
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surface, and clearly we have similarly for this 
magnification the value 
The resultant magnification m is the product 
of the two q^uantities and m^. For 


^ Q^Mi 

QM ~ QM' ^ 


ajds at one principal point will be formed at 
the other, and will be equal in size to the 
object. 

The first principal focus is, we have seen, 
given by the equation 



Thus 


y __t; v' 

tt v' -t~'U> ‘ v'- f 


On substituting in this the value of ?/ found 



from equation (1) and using (3) and (4), we 
obtain 


/3 + aii 


. (9) 


§ (6) Pbinoipal Points or Points of 
Unit Magnifioation. — If, in the expressions 
for the magnification, we put m equal to unity 
so that the magnification is unity, the image 
and object are of the same size, and we find 

/S+ai4 = l, 

or u = - — . . . (10) 

a 


and 7 — av = 1, 

or 1 ;=^ — , . . (11) 

d 

The two points thus defined are points of 
unit magnification ; they are conjugate points 



Fig. 6, 


on the axis ; wo denote them by H and H' 
rcspootivoly (A*y. 5). They aro known as the 
unit or piincipal points of the lens, and an 
imago of a small object at right angles to the 


and the first principal point H by 



Thua HF=AF-AH=--, . . (12) 

CL 

which gives the distance between the first 
principal focus and the first unit or principal 
point. 

Again, ^'^' = 1 ’ 

and A''R'='^. 

.a 

a?)ii:is H'r=A'F'-A'H;'=i . . (13) 

or the distances between the principal foci 
and the corresponding principal points are 
the same. 

§ (6) Lens Formula w'hen the Distances 

ARB MEASURED FBOM THE PBINOIPAL POINTS. 
— Let ^Ll Vj he the distances of the object and 
its image from the first and second principal 
points respectively, then 

% = u^ H , 

OL 




+ 


7-1 

a 


On substituting these values in the equation 


yU’\- 5 

we obtain 

1 - 


. (14) 


If wo put v — ao BO that the emergent pencil 
is parallel, we have 


while if % = 00 so that the incident pencil is 
parallel, we obtain 



Thus as before 



and H'F'=-. 

a 

The distance H'F' or 1/a measures the focal 
length of the lens. 
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§ (7) Nodal Points. — ^We can obtain ex- 
pressions for the magnification in terms of 
the distances and from the principal 
points thus, 

1 ^ 1 
^ j3 + ci'Wi + (1 ” 

1 

1 + a V 

Or in terms of v-^ 

m=y - a ^ = 1 - 


(16) 


(16) 


But 

Thus 


=i-i 




Hence m= - 

% 

Thus in Fig. 6 

M'Q' H'Q' 

MQ 

and the triangles MHQ and MU'Q' are 
similar, so that MH is parallel to H'M' or 
a ray incident through the first principal 



point emerges, parallel to its original direc- 
tion, through the second. We have thus 
another property of the unit or principal 
points which are in consequence known as 
nodal points. 

The coincidence of the principal and nodal 
points is a consequence of the assumption 
that the first and third media are the same. 
In general, points having the property of 
nodal points can be found, but they do not 
coincide with the principal points. 

§ (8) Applications to Biconvex Lenses. — 
The values of the constants a, jS, 7, 5 in terms 
of the form and refractive index of the lens 
are given in equations (5). 

Making use of these equations we obtain 
the following results for the positions of the 
principal foci and unit points neglecting 
powers of t above the first. We have 


Al’= -^= 

a 

A'F'=^ = 


a 


ra 

J- 

% 

- (/t-l)(r-H«) 

l p. 

' sf 



(17) 

rs f 

p-1 t 

1 

{^i.-l)(r+s)l‘- 

p ■ r +5 * r. 

1’ 



(18) 

AH=i^^= 

r t 

1 1 • ? • • 

(19) 

a 

r p 


a r + s /«. 


( 20 ) 


while for the focal length H'E' =/, we have 


/=HT'=- 


= -j— , .If. Jl +^"7 \ i— \ 

/i — 1 fi r-jr-sj 


( 21 ) 


If we put in these exjircssions we 
recover the ordinary formulae for a thin Ions. 

We may write the expression for the focal 
length as 

1 ra rs ^ 


■f I i 


( 22 ) 


where is the focal length of the Ions treated 
as thin. In the case of an equicouvox Ions of 
glass for which /u=:3/2 the value of the 
correcting term is </(>, while in the same case 
the principal points are within the lens and 
at a distance of t/Z from the vortices. If 
one surface, say the second, be flat, then 3 is 
infinite, the correction to tho focal length is 
zero. The value of AH is also zero, so tho 
first focal point is on tho curved surface of 
the lens, while for A'H' wo have tho value 
- If fi or, taking as before /.o = 3/2, A'H'-- - 2f/3, 
the secondary principal point is witliin the 
lens at a distance of 2/3 of tho thioknesH from 
the flat side 

§ (9) Bioonoavb Lensks. — Tito above for- 
mulae have been dovelopotl for tho case of a 
biconvex lens in air. Any other Ions <tan bo 
treated similarly, having duo r<^gnr<l to tho 
signs of r and a. 

Thus for a biconcave lens r is negative and 
8 positive; we have therefore to change tho 
signs of both r and a in the abttvo formulae, 
and find 


AE=.- * 

(jt. - l)(r 

A'F'= - 






AH=: 


_r_ t 
"r -H / 


. (25) 


A'H' = 


r 5* 




/=- 


g - 1 r-t-s 


Ui.t 

+SI. 


-iJL^ 

u »•+«(■ 


(27) 
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§ (10) Gbnbeal Cases.— C ases in which 
more than one lens occurs are dealt with by 
algebraical methods in the article on “ Optical 
Calculations,” to which the reader is referred. 
The practical application of the formulae to 
find the focal length and other properties of 
lenses is treated of in the articles “Lenses, 
Testing of Simple,” and “ Objectives, Testing 
of Compound,” to which reference should be 
made. Microscope lenses are dealt with in 
the article “ Microscope, Optics of the.” 

§ ( 11) Aberrations. — No lens behaves even 
for rays which diverge from a point on its axis 
in exactly the manner described, and when 
the object point is not on the axis the diver- 
gences from the above theory are more marked 
still 

The position^ of the image point correspond- 
ing to a given object point can be expressed 
in terms of the distance of the object from the 
lens, of a series of ascending powers of the angle 
between the axis of the lens and the central ray 
of the pencil which forms the image, and of 
the curvatures, thickness, and refractive index 
of the lens. In the above discussion terms 
involving the third and higher powers of the 
angle of incidence have been neglected, sym- 
metry ensures that no terms involving even 
powers of the angle occur. If, however, the 
higher powers be included the theory developed 
needs considerable corrections.^ These faults 
in the geometrical theory of strict linear 
correspondence between the object and imago 
space are Imown as aberrations. 

If wo limit ourselves to third powers of the 
obliq[uity of the central ray, the aberrations, 
as von Seidel ® showed, are five in number, viz. : 

(i.) Spherical Aberration , — Rays diverging 
from an object point on the axis, which roach 
the imago from different zones of the Ions, 
strike the axis at different points ; the distance 
between the point of intersection of the paraxial 
ray and that of a ray from any given zone of 
the Ions measures the spherical aberration of 
that zono. 

(ii.) Qorna . — The magnification produced by 
the different zones of the lens is not a con- 
stant ; honoo the rays diverging from a point 
not on the axis of the lens are not brought to 
eoinoidonco at one point in the imago space ; 
the intersection ixants of the rays from any 
given zone are diHtril)uto(l in a circle. Tho 
I)OMibion of tho centre and tho diameter of this 
circle dcpon<lH on the obliquity of tho central 
ray of tho i)encul falling on the zone in q uostion ; 
honco tho intersections of tho rays from tho 
object point and a plane through tho imago 
point arc distributee! over a fan-shaped area 
whoso position and diinensionH depend on tho 
obliquity. This defect is known as (loma. 

^ Hoe “Optical ( ialciilatlons ; also “Telescope/' 
§§(l)-(3). 

* H<^e “ Ti'lcHCopo/' § (3). 

» fclco “ Leus iSysh^ms, Aberrations of." 


(iii.) Astigmatism . — The rays of an oblique 
pencil diverging from an object point do not 
meet in one point in the image space ; they do, 
however, pass through two “focal lines,” lying 
approximately at right angles to each other. 
Of these the “ primary ” focal line is a short 
arc of a circle in a plane perpendicular to the 
axis of the lens, while the “ secondary ” line 
is more exactly a small figure of eight at right 
angles to the circular arc. The lens is astig- 
matic, and the nearest approach to point 
coincidence is a small circle, the “focal circle,” 
lying between the two focal lines, and this 
is in many cases treated as the image of the 
object point. 

(iv.) Curvature . — The focal circles corre- 
sponding to a series of object points lying in a 
plane perpendicular to the axis do not lie in a 
plane, but form a curved surface, cutting the 
axis at right angles. The image field corre- 
sponding to a plane object field is curved. 

(v.) Distortion . — This is produced when the 
image field is a point-for-point representation 
of the object field, but on a scale which varies 
with the obliquity of the central rays of the 
pencil considered. Thus a straight line in the 
object field at right angles to the axis will be 
represented by a line in the image field, but 
this line will no longer be straight. 

The above constitute von Seidel’s five 
aberrations- 

§ (12) Chromatic Aberration.— T he posi- 
tion of the image corresponding to a given 
object point depends on. the refractive index 
of tho material of the lens, and this varies with 
the wave-length of the light used. 

The images therefore formed by light of 
different wave-lengths will vary in size, and if 
white light is employed the resulting image 
will show coloured fringes. This defect is 
known tis chromatic aberration. Tho various 
defects are fully discussed in the separate 
articles already mentioned, to which roferonoo 
should ho made. 

For tho general theory, “ Optical Calcula- 
tions.” 

For tho telescope object glass, “ Tele- 
scope.” 

For tho miorosooi)e, “ Microscope, Optics 
of tho.” 


Levelling, Errors in. See “ Surveying and 
Surveying Instruments,” § (35). 

LEVEIJilNG AND LeVELLINO INSTRUMENTS. 
See “ Surveying and Surveying Instru- 
monts,” §§ (2()), (30) ; for precise levels, 
§ 

Levelling Staves. See “ Surveying and 
Surveying Instruments,” § (32). 

Levels. See “ Spirit Levels.” 

Life-test ( of Eleotrio Lambs). See “ Photo- 
metry and Illumination,” § (77) et 
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Light, Absorption op, in Colofehd Glasses, 
examined by E. Zsigmondy. See “ Glasses, 
Coloured,” § (4). 

Tabulated results of E. Zsigmondy. See 
ibid. § (4). 

LIGHT, DIFFEACTION OF 

It is Ibiown ^ that the effect at any point of a 
wave of light may be found by calculating the 
effect due to each element of the wave and 
taking the sum. 

Now let the displacement ® over a small 
area dS at a point Q {Fig. 1) of a wave front 
be given by the expression Asin (2ry\)(^;^) 





where t is the time, we proceed to find the 
displacement at a point P where QP is equal 
to r. 

Since the intensity of the light, measured 
by its energy, diminishes as the square of 
the distance from the source and the energy of 
wave motion is proportional to the square 
of the amplitude, the amplitude will be 
inversely proportional to r. Moreover, since 
the disturbance at P has travelled from Q, 
a distance r, with speed v, the time occupied 
has been r/v. Thus the phase of the disturb- 
ance at P at time t will be the same as that 
at R, a time r/v previously. The amplitude 
is also clearly proportional to A, the amplitude 
at Q. Hence we have for the disturbance at 
P the expression 


sm 

r 


2r 

T 


(vt-r), 


k being a constant factor, and the whole effect 
at P is found by integrating this over the 
wave surface through Q. It will depend on 
the limits of this surface, 

In this expression wo have neglected the cfEoot 
of the obliquity of QP to the directions of propagation 
and vibration at Q. Wo shall limit the discussion 
to the oonsidoration of small areas about Q over 
which those angles do not vary much, and their effects 

^ See “ Light, Propaffation of,” also ” Light, 
licetlllncar Propagation of.” 

* Disi)laeemont is used tis a general term, it may 
ropresent electric or magnetie force or may stand for 
an actual change of position of an electron, or of a 
particle of the other. 


may be considered constant and included in the 
factor Ic. 

.AVe assume that the front of the wave is 
parallel to the plane of the aperture. Take 
any point 0 in this plane as origin and two 
lines at right angles in the plane as axes of x 
and y respectively. 

Consider a plane through P parallel to the 
wave front and let a line OO' perpendicular 
to the wave meet this plane in O', let 00' be 
equal to & and let p, q be the distances of P 
from O' measured parallel to the axes, then the 
co-ordinates of P are jp, q, c, and wo have 

r*=PQ*^=(p--a;)*® c^. 

Thus 

= — — approximately. 

0 

The result obtained by substituting this 
value of r in the expression for the disturb- 
ance for certain forms of the aperture can bo 
evaluated in terms of integrals known as 
Presners Integrals.® 

We can, however, simplify the expressions 
by supposing the screen on which the effect 
is produced to be far from the aperture, so 
that Pf g, and c are large compared with, x 
and y. 

In practice this is realised by placing a 
convex lens behind the aperture and observ- 
ing the effect on a screen, at the principal 
focus of the lens. We have as the value of r 

r—c I ^ "• 4- 4- 


and on this assumption wo can neglect -f- ?/^ 
in comparison with the other quantities. Honco 

y =C + _ 2 )!“ _ 297/ 

“ c c c 




where f is written for 0 + But 

p and q will in all cases be small compared 
with c, . thus in the dononiinators wo may 
replace cby/, and we have finally 


, Jqy 

•' f T' 


Moreover, dS = dx:dy, and the expression for 
the disturbance at P hocomos 


^ Y I -/•+ -I- I > 0 ) 

where / has been written for r in the 
denominator. 

• Sec Preston’s light, § 161. 
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(i.) Rectangular Aperture . — The expression 
given in (1) applies to an aperture of any 
form ; thus for a rectangular aperture of 
sides 2a, 26 parallel to the axes of x and y 
respectively the limits will be -a to +a and 
- 6 to -+6, and we have 

Disturbance 


On integrating this we find for the intensity 
at P, represented by the s(g[uare of the resultant 
amplitude, the expression 



or, as it may be written. 


/sin $\ '■ 

2 /sin 0\ 

\ « ) 





( 2 ) 


where A represents the area of the parallelo- 
gram and 

2T33a 2rp6 

6 =^, 


(ii.) A Narrow Rejdtanjgular Slot. — ^An im- 
portant case occurs when one side of the 
aperture, say a, is very small in comparison 
with the other. 

The angle 9 is then always very small 
and the value of sin 6/6 is unity. The 
amplitude then varies as sin This has a 
maximum when <f> is zero, it is then equal to 
unity; it is a minimum — zero — ^for ^ 27r . . . 

and a maximum for values between, which 
are given by the equation tan 0 = These, 
it can bo shown, are somewhat less than 
the odd multiples of 7r/2 excluding the jfiist, 
but gradually approach them. The intensities 
of those maxima decrease somewhat rapidly. 
Thus the field consists of a bright band in 
the centre flanked on each side by a series 
of dark linos, equally spaced, with bright bands 
of rapidly decreasing brightness between ; 
the distances between the maxima of the 
bright bands arc unequal, but decrease as 
the distance from the central bright band 
increases. 

(iii.) Circular Aperture. — Another case of 
impoiianco when dealing with optical instru- 
ments occurs when the aperture is a circle. 
The diffraction pattern will bo a series of 
circles having their centre at the point where 
a nonnal to the wave front through the centre 
of the aperture meets the screen and the 
distribution of the light will bo the same along 
any radius of these circles. We can find it for 
the radius through the axis of x for which q 
is zero, p will then be the distance of the 
point from the centre of the diffracted rings. 
Thus we have 


Disturbance = 


J dxdy 


sin 



the integrals being taken over a circle of radius 
a. 

Let r, ^ be the polar cos of Q(a:, y) relative 
to 0. 

Then a;=roos^, dxdy=^rdrd6^ the limits 
for r are 0 to a, and for 0 to 2t. 

The disturbance 

for the term in the integral involving the 
quantity sin (27r/X) {pr cos 6/J) clearly vanishes. 
The above expression can be integrated in a 
series,^ and we find 
Amplitude of disturbance 

( 4 ) 

where m is written for the value of 

27ra p 

The quantity j)// measures the sine of the 
angular radius of a ring as seen from the 
centre of the aperture, or since it is small we 
may take it as the angular radius. The 
series can be shown to be convergent. It 
has a first maximum when m is zero and 
passes through a series of maxima and minima 
as given in the following table taken from 
Verdel’s Optiqice Rhysique ; ^ 


INTENSITY or Light diftraoted by a 

OlROULAR ApERTTJEB 


Maxiraa. 

Minima. 

m/TT. 

Intensity. 

mjir. 

Intensity. 

0 

1 

0-610 

0 

0-819 

0-0174/) 

M16 

0 

1-333 

0-00416 

1-619 

0 

1-847 

0-00166 

2-120 

0 

2*361 

0-00078 

2-621 

0 


If we call 0 the angular deflection of the 
rings as seen from 0 we have approximately 
m=(27ra/X)0; the diameter of the rings is 20, 
thus the diameters of the rings are given by 
the expression (??i/ir)(V«), where m/w has the 
values given in the table ; the width of the 
first dark ring is thus 0*610 X/a. Hence the 
imago of a point of light such as a star formed 
by the object glass of a telescope of aperture 
2<x is a disc having an angular breadth meas- 
ured from the centre of the object glass of 
0*6 10 X /a. This disc is surrounded by a number 

1 See Preston's Liffht, § 163. 

* See also ibid. § 168, 
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of rings of rapidly decreasing brightness with, 
dark spaces between in which there is no light. 

This assumes that the object glass is free 
from aberration, so that the wave from the 
distant point after passing the lens is accurately 
a sphere with the principal focus as centre. 

LIGHT, DOUBLE REFRACTION OF 

It is to Fresnel that we owe the earliest 
complete theory of double refraction applic- 
able to both biaxial and uniaxial crystals, and 
though he based it on the hypothesis of the 
■vibration of ether particles, the laws at which 
he arrived follow rigidly as a deduction from 
the electromagnetic theory. 

If a particle in an isotropic elastic medium 
be displaced a short distance, the synnmetry 
of the medium requires that the force called 
intO' play through the elasticity of the medium 
and which tends to bring the particle hack 
to its equilibrium position should be in the 
direction of motion. The same is true if the 
displacement be electric or magnetic ; the 
electric or magnetic force of restitution is pro- 
portional to the displacement and acts in that 
direction. It may be written as Kp, if p is 
the displacement and K a constant represent- 
ing the electric — or magnetic — elasticity of the 
medium. 

But in an anisotropic medium which has 
different properties in different directions 
this is no longer true ; the force of restitution 
is not, in general, co -linear with the displace- 
ment. 

In a crystal, however, there are three 
directions mutually at right angles along 
which the force of restitution is in the. direc- 
tion of displacement; these directions are 
known as the axes of the crystal. Now 
suppose that the forces produced by a dis- 
placement p along each of the axes respect- 
ively are and respectively. 

Consider a plane wave travelling through the 
crystal and construct an ellipsoid having its 
centre on the wave and its axes equal to IJa, 
1/6, and 1/c respectively. This ellipsoid was 
called by Fresnel the Ellipsoid of Elasticity. 
The wave front we are considering will cut 
the ellipsoid in an ellipse, and the direction 
of the two axes of this ellipse are found, both 
by theory and experiment, to be the only 
possible directions of vibration for light 
travelling in the direction in which the plane 
wave is being propagated. 

In an isotropic medium the disturbance 
which constitutes the light can take place 
in any direction in the plane of the wave ; 
in a crystal it is resolved into two in the 
direction OP, OQ of the two axes of this 
ellipse. Moreover, it can bo shown that these 
two disturbances travel with different speeds ; 
their velocities are given by 1/OP and l/OQ 


I respectively. The wave is thus split into two 
plane polarised waves, each travelling with 
the speed appropriate to its direction of 
vibration, and these velocities are, in each 
case, inversely proportional to the radius 
vector of Fresnel’s ellipsoid dra'WTi in the 
dweotion of vibration. Moreover, the possible 
directions of vibration for any plane wave 
are the axes of the sec-tion of Fresnel’s ellipsoid 
by the wave. Thus a knowledge of Fresnel’s 
ellipsoid enables us to calculate the velocity 
of wave propagation in all directions in the 
oiystal. It is sho'wn in treatises on electricity 
that, on the electromagnetic theory of light, 
the quantities are the three principal 

coefficients of inductive capacity of the medium, 
denoted usuaUy by K^, Kg. Again, it 
13 known ^ how to determine the wave surface 
in any medium, crystalline or isotropic, when 
the velocity of wave propagation is Imown for 
all directions. 

To describe the wave surface corresponding 
to an interval of time t we draw all possible 
wave fronts in the positions they would occupy 
at the instant t and describe the envelope of 
the series of planes thus ohtained- 

When this is done for a crystal in which 
the wave velocities are determined, as de- 
scribed above, a surface of sonaewhat com- 
plicated form is the result. The surface, known 
as Fresnel’s wave surface, has two sheets, and 
its sections by the three principal planes of tho 
crystal are in each case a circle and an ellipse. 
Assuming that a, b, c are in descending order 



of magnitude, tho sections will bo as shown in 
JS'ig, 1. 

In this figure Ox, Oy, Oz arc tho throo 
crystallographic axes. Along thorn distances 
OA, OB, etc., are taken, such tliat 

OA=OA'=a; OB=OB'=6; 00 00/ -r. 

AA', BH', and CC'' arc joined by circles of 
radii a, b, c respectively, while ellipses of 
semiaxes h and c, c and n, and a and b respect- 
ively join BC', CA', and AB'. 

The circle BB' cuts the ollipso OA^ in P, 

* Seo article “ Light, Propagation of.'* 
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and BQ is a common tangent to both circle 
and ellipse. 

If we imagine the curve A.' A to be turned 
about Qz so that A always lies on the ellipse 
AB', the shape of the curve altering according 
to the lav given by Fresnel until, ultimately, 
it coincides "with A'PB', it will trace out one 
octant of the outer sheet of Presnel’s wave 
surface. 

Similarly, if BC' rotates about the same axis, 
0' remaining on the circle C'O, while the shape 
alters as required by Fresnel’s laws until the 
curve coincides with BPO, it traces out the 
inner sheet of the wave surface. 

Careful experiment ^ has vended to a high 
degree of accuracy the fact that this surface 
does represent the form of the wave in a 
biaxial crystal. 

The quantities a, h, c measure respectively 
the velocities of waves in which the vibrations 
are parallel to the three axes respectively; 
thus the refractive indices corresponding to 
those waves are 1/a, 1/i, and 1/c. If the 
moan refractive index 1/6 differs less from 
the minimum l/u than the maximum 1/c 
differs from the moan, i.e. if 1/6-1 /a is less 
than 1/c -1/6, the crystal is said to be positwe ; 
if, on the other hand, 1/6 - 1/u is greater than 
1/c - 1/6, the crystal is negative. 

According to the oonstruotion already ex- 
plained, in order to find the position of the 
wave front which, after a time t, corresponds 
to a given wave front XY, we describe the 
wave surface for time taking any point in 
XY as centre, and draw a tangent plane 
parallel to XY. 

It is clear from the shape of the surface 
that two such planes can, in general, ho 
drawn, one touching each sheet; thus a giyon 
wave travelling through the crystal will break 
up into two ; each of those will, as has already 
boon pointed out, bo polarised. rTho linos 
joining the contro of the surface to the points 
of c(Jiitat!t of theso two tangent pianos are 
the rays corresponding to the two wave 
fronts 

But it is clear also, from the figure, that in 
the piano porpoiidioular to the moan axis in 
which the circle of radius 6 intorsoots the 
ellipse somiaxos a and 6 in the point P, there 
is a common tangent BQ to the ellipse and 
oirolo,and a plane through BQ, at right angles 
to tho piano xOz t(,)uc)hoa both the ellipse 
and circle. In tho direction of the normal to 
tliis piano there will be only a single wave. 
The line OQ, which is at right angles to this 
wave, is known as an optic axis of tho crystal. 
There will bo a similar axis lying also in tho 
plane zOx, but on the opposite side of Oz. 
Thus tho crystal has two optic axes; light 
waves traveling along theso are not doubly 

^ Glazotroolc, ** Plano 'Waves In a Biaxial Crystal/' 
Phil. Tram., 1878, p. 287. 


refracted "We can put this from another point 
of view, thus : The wave velocities are deter- 
mined by the two axes of the elliptic section in 
which Fresnel’s ellipsoid is out by tho plane 
of the wave. But an ellipsoid has two sections 
which are circular. If then the wave coincides 
with either of these, the two velocities of 
propagation become equal, each being equal 
to 6, for this quantity can be proved to he 
the reciprocal of the radius of the circular 
section. Thus the two waves which, in 
general, are found, in this case coalesce and 
travel through tho crystal with velocity 6. 
The normals to these two sections are the two 
optic axes- 

The optic axes lio in tho plane containing 
the axes of greatest and least velocity. These 
axes bisect the angles between the optic axes, 
and are known as the acute bisectrix and the 
obtuse bisectrix of the angle between the 
optic axes. 

A special significance attaches to the line 
OP joining 0 to P, tho point of intersection 
of tho circular and elliptic section of the wave 
surface. It is clear from the figure that two 
tangents can be drawn to the surface, touching 
it at the same point P ; one of these touches 
the circle, tho other the ellipse. The full 
investigation shows that, in reality, the surface 
has a tangent cone at P, and any plane touch- 
ing this cone is also tangent to the surface. 
How the ray corresponding to any wave 
plane is the line joining the centre to the 
point in which tho plane touches the surface. 
All the planes, then, which touch the surface 
at P have tho same ray and the same ray 
velocity. Thus the lino OP is known as the 
axis of single ray velocity. 

We arrive at the case of a uniaxial crystal 
by supposing two of the principal velocities 
to become equal ; suppose, for example, that 
a=6 ; then FrosnoTs elUpsoid becomes a 
spheroid, with axes Ija and 1/c, generated by 
tho revolution of an ollipso about the axis 
Oz- Tho optic axes close up to this line. 
Tho section of this spheroid by any plane 
through its centre, other than tho plane of 
jcOy, is an ellipse, but one axis of each of theso 
ellipses is equal to 1/a ; thus one wave of the 
two into wliich an incident wave is divided 
travels with constant velocity a and is refracted 
according to the ordinary law; tho other 
suffers extraordinary refraction. 

Tho wave surface becomes a sphere and a 
spheroid, tho points A'B' of Mg. 1 coincide, 
wlxilo the ellipse AB becomes a circle of radius 
a. The points Q„ P, and B all ooinoide with 
A' and B'. Thus Huyghens’ oonstruotion, 
described earlier, follows as a deduction from 
Fresnel’s more general theory. This also has 
been vorifiod by experiment,* 

• Glazobroolc, “Double Befraotlon and Dispersion 
In Iceland Spar/’ Thil. Trans,, Part II., 1879, p. i21. 
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LIGHT FILTERS 

§ (1) Introduction. — Light filters are used 
in many branches of physical work to modify 
the intensity or colour of the light passing 
through them. Either liq[uid filters in the 
form of solutions, or solid filters consisting 
of coloured glasses or stained films are com- 
monly employed, though in some special cases 
gases have been used as filters.^ 

Liquid filters consist of solutions of coloured 
salts or dyes held in glass troughs with parallel 
sides, while coloured glasses and stained films 
of gelatine or collodion are used in a great 
variety of forms. The use of solutions has 
the advantage that they are very readily 
prepared and that, if they consist of inorganic 
salts, they are easily definable, so that- standard 
filters can be prepared from a published 
description. To a lesser extent the same is 
true of dye solutions, but since dyes vary 
considerably in their purity, it is more difficult 
to state formulae for liquid dye filters in a 
form which can easily be duplicated, and 
solutions of dyes are often unstable, the dyes 
changing or precipitating. Such liquid filters 
are therefore often the cause of unsuspected 
errors. 

If coloured glasses could he obtained in a 
great variety of absorptions, and could be 
reproduced exactly, they would undoubtedly 
be the most convenient for filters of all kinds. 
They are usually very stable to light, extremely 
convenient in use, not easily being damaged, 
and are cheap to produce, since it is only 
necessary to grind the two surfaces of the 
optical glass to optical planeness and to make 
the filter of a definite thickness. Unfortu- 
.nately, it seems to be very difiicult for glass 
makers to reproduce the colour of different 
meltings with any approach to exactness, and 
the number of coloured glasses available is 
quite limited, so that it is not possible to 
obtain in glass filters an approach to the range 
of colour which is available by the use of dyes. 

The earlier stained filters wore made by the 
use of collodion in which basic dyes were 
incorporated, but the difficulty of coating 
collodion accurately upon glass, as also the 
unsatisfactory nature of most of the basic 
dyes, has led to the almost complete replace- 
ment of collodion by gelatine as a vehicle for 
the acid dyes which are now used for the 
preparation of fight filters. Modem gelatine 
Light filters are therefore prepared by coating 
gelatine containing the necessary dyes upon 
plate glass, the coating being done by means of 
one of the coating machines commonly used 
for the preparation of photographic plates. 
The gelatine film, after drying, is stripped off 
the glass and can be used as a gelatine film 

^ Thus bromine gas has been used as a filter for 
the ultra-violet by E. 'W. Wood and Plotnikoff. 


fdter or can he cemented between optical 
glasses of any required quality by means of 
Canada balsam. 

On a small scale, filters are generally made 
by coating the glass to be cemented with the 
dyed gelatine and then cementing a cover- 
glass directly on to the dry gelatine film. 
This method is not advantageous on the large 
scale, since the coating of the large glasses 
is tedious and expensive ; the coating is fikely 
to vary in thickness from the centre to the 
edge owing to surface tension, and there is 
always danger that the drying gelatine in 
contracting will bend the glass, thus inter- 
fering witli its optical properties. This latter 
difficulty can be mitigated to some extent 
by the addition of glycerine to the gelatine 
solution when coating the glass. 

The colour of a filter is of course conditioned 
by its selective spectral absorption ; thus a 
red filter absorbs the blue and green regions 
of the spectrum, a blue filter the red, yellow 
the blue, and a green both the red arid the 
blue regions. This selective absorption is 
beat expressed by means of the absorption 
curve of the filter, which can be measured by 
means of a spectrophotometer. The filter is 
placed in front of the instrument, and the 
light passing through the filter and also 
passing into the instrument without going 
through the filter is analysed in the spectro- 
scope, A narrow region of the spectrum, is 
isolated, and the absorption of the filter ior 
each region of the spectrum in turn is measured 
photometrically. Then, if I be the intensity 
of the light passing through the filter, and l^, 
that which has not undergone absorption, the 
transparency of the filter will be I/I^, and this 
is usually expressed as a percentage if the 
transmission is required. From Lambert’s 
law, however, 1=156-^^ This is more con- 
veniently written using 10 as the logarithmic 
base, and for a light filter in which the thickness 
is constant it becomes 

I=roi0“^, 

where E is the absorption constant of the 
filter, and consequently 

E=-logi 

•^0 

As a result of the Fochner law, absorption 
curves of filters expressed by plotting E 
against X correspond more accurately to the 
appearance of the transmission as seen by the 
eye than those obtained by plotting the 
transparency, and those curves are used 
throughout the literature dealing with light 
filters. 

■ It seems to be customary to refer to this ns 
“Lambert’s law,” but the originator cf it was 
Bouguer (see his JSssni d^optiQue^ 1720), and the law 
of the absorption of light should certainly bo called 
“ Bouguer’s Ufw,” 
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Following Potapenko/ light filters are 
classified preferably according to their absorp- 
tion spectrum and not according to the purpose 
for which they are to be used, since if this 
latter course is taken the same filter will be 
classified in many different ways ; thus the 
red filter suitable for three-colour photography 
is also used as a contrast filter in commercial 
photography, as a photomicrographic filter, and 
in spectroscopy, while there are undoubtedly 
many other uses to which it can be put. 
Classifying filters, therefore, according to their 
spectral absorption, we may divide them into : 

(i.) Selective filters, which transmit only a 
selected region of the spectrum, more or less 
narrow. 

(ii.) Compensating filters, which have a more 
gradual absorption, and which transmit in 



Waae length 
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greater or less intensity practically the whole 
spectrum. 

(iii.) ;Subtraotivo filters, which remove only 
a small portion of the spectrum, transmitting 
the remainder, so that for every selective 
filter we can theoretically have a corresponding 
subtractive filter. 

The selective and subtractive filters will 
therefore have a comparatively sharp absorp- 
tion curve, while compensating filters will 
generally bo gradual in their absorption. 
Monochromatic filters (which is the title used 
by Fotapenko for the filters here called 
selective) are those which transmit only a 
narrow region of the spectrum, so narrow that 
the term' m-onochromMic is not entirely in- 
appropriate, though it must be understood 
that no filter can bo strictly monochromatic 
in the true sense of the word unless used with 
a linear emission spectrum. An example of a 


1 0. V. Potaponko, Journal Buseian Physical aw/i 
Chemical Society, 1016, xMii. 700: Enffllsh tr^sla- 
tlon, liritish Journal of Photography, 1021, Ixviii. 507. 
This is by far the fullest and best article published 
on light riltors. 


selective filter is shown in Fig. 1, which is the 
absorption spectrum of a typical green filter 
used in three-colour photography. Fig. 2 
shows a narrow banded monoohromatic filter ; 
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Fig. 2. 

Fig. 3 a. compensating filter used for com- 
pensating the spectrum of a vacuum tungsten 
lamp to balance daylight j and Fig. 4 is the 
subtractive filter which is complementary to 
the green filter shown in Fig. 1. 

§ (2) Application op Light Filters — 
Photography. — Filters used in photography 
may be classified according to their use under 
the heads of : 

(i.) Ortkochromatic filters, used to correct the 
selective sensitiveness of photographic materials 



in order to give a reproduction of the bright- 
ness of coloured objects more closely approxi- 
mating that perceived by the eye. 

(ii.) Contrast filters, used selectively to modify 
the brightness of some special colour or group 
of colours. 
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(iii.) Selective filters^ for two- or three-oolour 
photography, with their corresponding synthetic 
projection filters if the processes of colour 
photography used are of the additive type. 

(iv.) Compensating fiJterSf used to adjust the 
light entering a photographic system in order 
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¥m. 4. 

to fulfil some particular condition required in 
colour photography. 

{{.) Orthochromatic Filters . — Since photo- 
graphic plates are more strongly sensitive to 
blue light than to any other spectral region, 
and since the maximum of the visual sensitive- 
ness is in the yellow -green, 
and the blue and blue- violet 
are comparatively dark 
colours to the eye, ortho- 
chromatic filters are yellow- 
in colour and absorb the 
ultra--violet, violet, and to a 
lesser extent the blue. The 
orthochromatic filters used in 
photography often do not 
perform their task completely, 
since the removal of the 
b’ght of short wave-lengths 
naturally increases the ex- 
posure, and it is often 
impossible to give suificient 
exposure to use the filter re- 
quired for complete correo- 
tion. It is very common, 
therefore, in photography to compromise by 
using a filter which removes most of the 
violet and ultra-violet but does not fully 
correct the uneven sensitiveness of the plate. 

The earlier orthochromatic filters used by 
photographers were made of glass which was 
coloured by carbon in the pot, and which 
was brown rather than yeUow, transmitting 
a large amount of ultra-violet light; and 
even when dye filters were used, dyes which 


transmitted a large amount of ultra--violet 
light -were often employed through lack of 
sufficiently rigorous spectroscopic examination. 

The number of dyes suitable for the prepara- 
tion. of orthochromatic filters is very limited. 
Of those giving a sharp absorption in the 
violet, with a complete absorption of the ultra- 
violet, picric acid and the picrates are the 
most satisfactory, but unfort-unately they are 
very unstable and can scarcely be used in 
practice. Until 1906 the best dyo available 
was Tartrazine, but this has a very consider- 
able transmission in the -ultra-violet and was 
replaced for filter-maldng in that year by a 
dye manufactured by the Hoechst Dye Works 
under the name of “Filter Yellow.” During 
the war, a dye having almost as great stability 
as Filter Yellow with a considerably sharper 
absorption was prepared from phenyl gluoo- 
sazone and was used for light filters, especially 
for aerial photography, under the title of 
“ Eastman Yellow ” {Fig. 5). 

In order to enable landscapes to be taken 
in which the clouds are well rendered without 
unduly increasing the exposure, graded filters 
have been employed, these being placed in 
front of .the lens in such a way that the 
strongly absorbing region of the filter corre- 
sponds to the sky and the weaker absorption 
to the foreground. Filters arc sometimes made 
having the upper half coloured and the lower 
part clear, which seem to be as satisfactory in 
practice as the graded filters, provided they 
are not used too far from the lens. A complete 


discussion of the use of graded filters will bo 
found in a paper by J. Woissmann.i 
(ii.) Contrast Filters . — The preparation of 
contrast filters is in many ways easier than 
that of orthochromatic filters, since many dyes 
arc available for the preparation of rod or 
green filers. The greatest difficulty arises 
■when it is necessary to remove the extreme 
red from a green or blue filter. Only one blue 
* P/iotographische JRundschau, 1013, p, 182. 
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dye and three green dyes are known which 
have not a sharp transmission band at the 
red end of the visible spectrum. These are 
Toluidine Blue^ which has no transmission 
band in the red of shorter wave-length than 
750 Anthraquinone Green, which is the 
green dye corresponding to Toluidine Blue ; 
Filter Blue-Green, of which the composition 
is unknown, but which extends in absorption to 
at least 800 fifA and at the same time has greater 
transmission in the green than Anthraquinone 
Green ; and Naphthol Green, which absorbs 
at least as strongly as Filter Blue-Green, but 
which unfortunately has a great deal of general 
absorption, especially in the blue-green and 
blue regions of the spectrum, so that it is 
impossible to use it in blue filters, and it 
greatly lessens the transmission of green 
filters. Since the first three of these dyes 
have only been introduced in the last twelve 
years, the older blno and green light filters all 
show a very considerable transmission of rod 
light. Attempts have been made to diminish 
this by the use of Methylene Blue, but un- 
fortunately this dye is unstable and is rapidly 
destroyed by heat, so that it is not at all 
suitable for use in light filters. 

A set of contrast filters which will satisfy 
almost all photographic requirements will 
include a strong yellow filter cutting at about 
500 fill , ; an orange 'filter cutting at 570 /ifjL j a 
red cutting at 590 ; and a deep red cutting 

at 610 in addition to the orthoohromatio 
filters and to green and blue filters which can 
conveniently be those used also for tricolour 
photography. 

(iii.) Selective filters used in colour photo- 
graphy will include for ordinary work a sot 
of rod, green, and blue filters so adjusted that 
they just overlap and that they give approxi- 
mately even exposures when used with 
daylight upon the most highly sensitive 
panchromatic plates available. For colour 
cinomatograi)hy a somewhat lighter sot of 
filters may bo used, though it is not po^ible 
to lighten the rod filter very much, a filter 
cutting at 575 fifi being the lightest filter 
that can be used to give at all satisfactory 
rendering. 

For two-colour photography as deep a red 
filter is required as for three-colour work. 
The exact shade of the two-colour green filter 
has boon a matter of some discussion and a 
good deal of experiment. Most workers use 
the tricolour green, thoxigh a somewhat bluer 
green has often boon advocated. The dis- 
advantage of too blue a green is that foliage 
and grass tend tc be reproduced as brown, 
and for taking filters for two-colour work the 
tricolour red and green filters would seem on 
the whole to be the most suitable. 

In the additive }>r(>joction processes the 
filters must be adjusted to the light source 


used so that the screen is white. For most 
work the same red and green filters that are 
used for taking will he satisfactory for tri- 
colour projection, a lighter blue being used 
according to the colour of the illuminant 
employed. For two-colour projection filters 
a much bluer green than that used for taking 
is naturally required, and the filter should be 
rather a blue-green than a green. 

(iv.) Compensating filters are of special im- 
portance in connection with the screen plate 
processes of colour photography. In these 
processes the three-colour unit filters of the 
screen must be adjusted in area and colour so 
that the screen itself is neutral when looked 
at by a white light, while the emulsion sensitive- 
ness, the colour of the screen units, and the 
compensating filter must be so adjusted that 
greys are reproduced as greys in the finished 
picture. Normally, the emulsion has pre- 
dominating blue sensitiveness, and the 
compensating filter must therefore he yellow, 
though not infrequently a brownish or pinkish 
filter is required. Such compensating filters 
are usually adjusted hy trial and error. 

§ (3) Fhotomistry. — ^When comparing light 
sources of different colours upon the photo- 
meter the colour difforenoo introduces difficulty 
in making an accurate balance. This difficulty 
can he much lessened hy the use of a colour 
filter adjusted to equalise the colour in the 
two fields of the photometer, the transmission 
of the filter being first determined by a set 
of observations. Such photometric filters w^ill 
be of two types : yellowish filters for reducing 
high efficiency lamps to the colour correspond- 
ing to lower efficionoies, ond bluish filters for 
the inverse process. The absorptions of such 
filters must naturally bo gradual, and they 
should not display any very marked spectral 
bands or rapid changes in thoir spectral curve. 

§ (4) MiOKOSOOpy. — For photomicrograx)hy 
filters are employed especially in the photo- 
graphy of stained sections or other objects dis- 
playing strong colour. Thus, if any colour is 
to bo rendered as dark as p<^sBible, it must 
bo viewed or photographed by light which is 
absorbed by the colour, that is, by light of the 
wave-lengths oentainod within its absorption 
band. On the other hand, when a subject 
is of a uniform colour, in order to render detail 
it must be examined hy the light which it 
transmits ; thus, if the usual insect prepara- 
tions, which are strongly yellow, are photo- 
graphed by blue light as on an ordinary plate, 
a black dotailless mass is shown in contrast 
to tlio background, while the use of a strong 
yellow or rod filter will enable the whole of 
the detail of the structure to be photographed. 
Filters for microscopy arc arranged so that 
they can be used in pairs, the spectrum being 
thus divided into monochromatic portions. 
By the examination of any specimen through 
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these filters .singly and in pairs the best 
choice of the filters for use can be made. 
Light filters are also valuable for visual use 
with the microscope. Thus, blue and green 
filters are convenient for modification of the 
intensity of the light and for the restriction 
of the spectral region used in visual work. 
A'deep blue filter is especiafiy useful where 
the highest resolving power visually possible 
is required, as in the visual examination of 
diatom structures. Yellow, orange, and red 
contrast filters are convenient in the observa- 
tion of detail in insect mounts or as contrast 
filters for stained preparations. 

§ (5) Spboteosoopy, Photo- chemistry, etc. 
—light filters are often used in spectroscopy 
for the elimination of portions of the spectrum, 
such as the absorption of other orders when 
using a grating spectroscope. They are also 
of particular service in spectro -photometry 
for the elimination of scattered light. When 
using an absorption spectro-photometer for 
the measurement, for instance, of a solution 
of bichromate, suppose that the slit is set 
just inside the absorption hand ; then, one 
of the spectra is darkened throughout its 
length by the equalising apparatus, while in 
the other spectrum the red, orange, and yellow 
are entirely undarkened. The light from 
these regions of the spectrum will he scattered 
throughout the field and will change the 
apparent colour of the green or blue light 
transmitted by the solution at the edge of the 
absorption band. Satisfactory results in the 
use of the instrument can be obtained by 
the employment of filters which will absorb 
the whole of the red and yellow light, trans- 
mitting only the region in which measurements 
are required 

Monochromatic filters are often of use in 
spectroscopy and in general physical work, 
but unfortunately it is not possible as a general 
rule to get monochromatic filters of great 
efficiency. The transmission of most mono- 
chromatic filters is only 10 per cent or less 
if the filters are really narrow, and this loss 
of light seriously limits their application. 
There is one monochromatic filter, however, 
which is very efficient. This is the filter 
resulting from the employment of didymium 
salts, which have an extremely sharp absorp- 
tion hand between 550 fxfi and 580 fijj., thus 
cutting out very cleanly the mercury yellow 
hues. By the combination of this filter with 
a strong yellow filter, the green line of the 
mercury lamp can he obtained in high intensity 
and almost entirely free from other radiation, 
thus supplying the strongest monochromatic 
source of light known. This is of particular 
advantage in work with the interferometer. 

§ (6) Optical Properties. — The optical 
effects produced by the use of colour filters 
in front of lenses may be divided into 


two classes : the first includes those resulting 
from the use of a theoretically perfect 
filter ; the second, those which result from 
imperfections in the filters, ^ that is, from 
departures from conditions of plane parallelism 
in the faces and of equality in thickness 
between the filters of a set. Computation 
shows that the effects resulting from the use 
of perfect filters are too small to be of any 
practical importance, the effect both on 
spherical aberration and on curvature of 
field being well within the limit of tolerance, 
while the effect . of the dispersion on the 
difference in image size between different 
colour filters of a set is also negligible. The 
effects upon the definition and size of image 
introduced by the use of filters which aro 
imperfect are very much more complicated 
than, those which result from the use of perfect 
filters. Since the errors of surface may be 
of any type, the investigation of the effects 
produced can only be performed experiment- 
ally. The most convenient testing apparatus 
consists of a telescope objective of about 
four feet focal length on which the filter is 
placed, the image of a test object being 
examined by means of an eyepiece.^ 

0. E. K. M. 

LIGHT, mTEBFERENOE OF 

§ (1) Inteoditotion. — The problem of the 
interference of light and its historical develop- 
ment are closely bomd up with the question 
of the nature of light. Two theorios of light 
have held sway at different periods in the 
history of optical scienco, namely, the wav© 
theory and the corpuscular or emission theory. 
According to tho former, which was first 
definitely propounded by Huygens in 1 07 8, 
light is a wave motion propagated in a con- 
tinuous hypothetical medium called tho ether, 
which is supposed to pervade all space. 
Although Huygens regarded tho waves as 
longitudinal, he was able to explain a number 
of phenomena, such as reflection and refrac- 
tion, hut he could not account for tho recti- 
linear propagation of light. For this reason 
the theory was not accepted by He'^on, who 
elaborated the corpuscular or emission theory, 
according to which luminous bodies omit 
material corpuscles which travel along straight 
paths, the sensation of vision being produced 
by the mechanioal impact of those ooiq^usclos 
on the retina. This theory loads to tho 
correct law of refraction, but it also leads to 
the result that the velocity of light should 
be greater in a dense medium than in a' less 
dense one. The opposite result follows from 
the wave theory and has been experimentally 
proved to be correct ; this forms a crucial 

' Op. C. E . K. Mees, BrUiah Journal, cf Photo ffrap7iy, 
1917, p. 462. 
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test of the two theories. The fact that the 
emission theory was not finally overthrown 
until the beginning of the nineteenth century, 
when interference was explained on the 
basis of the wave theory, is largely due to 
its being held by such a groat authority as 
Newton. 

§ (2) Mathematical Analysis.— The inter- 
ference of. light may, according to the wave 
theory, be expressed in mathematical form 
as follows. 


The general differential equations of wave motion 
in a homogeneous medium are given by 


02^ 

dt^ 


=V2 




and similar equations in r) and where t is the time, 
(a;, y, z) are rectangular co-ordinates, V is the 
velocity of propagation of the wave motion, and 
{^» h arc, according to the elastic wave theory, 
the components of tho displacomont of an other 
particle from its position of rest or, according to 
tho olectromagnotic theory, tho components of tho 
electric or magnotio field strengths. 

When tho disturbance travels in tho direction of 
the X axis tliis reduces to 


0_^ 

0/- 



Confining our attention to the case of a 
wave propagated along the direction of tho 
X axis and writing X for Vr, we find that the 
disturbance in tho wave may be represented by 
the equation 

A cos ^(t — = A cos 27r * 

This roprcHonts a wave, for at a given point 
— ^for wliich X is constant — ^tho motion repeats 
itself at tinu^H f, r, i-|- 2r, etc., and at a given 
time — ^for which t is constant — it repeats 
itself at the ])oiiits x, aj+X, £i;+2X, etc., or 
X, x-hYr, a;+2Vr, etc. Thus it can bo ropro- 
sontod by a cosine curve, repeating itself at 
lengths X, 2X, . . . which moves forward with 
speed V. 

A is tho amplitude, r tho period of 
vibration, and X tho wave-length of tho 
vibratory motion of tho ether particle. Tho 
intensity of such a light wave is proportional 
to A®, for it is proportional to tho kinetic 
energy of tho vibrating ether j)artiolo, and 
this in turn varies os the square of tho velocity 
of vibration ; tho velocity is given by tho 
equation 

0^ . /. aj\ 

and tho average value of its square is pro- 
portional to A®. 

Wo may now consider the effect of two 
light waves of tho same period propagated in 
a homogeneous medium, tho vibrations being 


supposed parallel. They may bo represented 

by 

fl = AlOOB2ff 

and f j = A, cos 27r , 

where A^, Ag are the amplitudes of the two 
motions, and 27r5/X is the phase difference, 
that is, the crests of the one wave are always 
a distance d ahead of those of the other. 
Now, according to the principle of the super- 
position of wave motion, the resultant motion 
of a particle simultaneously subjected to a 
number of different displacements is obtained 
by summing up the components of these 
displacements. Thus in the case of the two 
pven light waves the resultant displacement 
is given by 

^ -j. ^2 = ^Ai + Aq cos cos 27r ^ 

+ Aa sin 27r~ sin 27r0 - 0 . 

Now let 

Ai + Ag cos 27rJ = A cos 27r~ 

A A 

and Aa sin 27r? = A sin 27r^. 

A A 

Then f=Acos27r^i-5^j, 

where 

A® = Ai® -H Aa*+ 2AiAa cos 27r^. 

The resultant motion is thus given by a wave 
which, has tho same period as tho original 
wave, but a different amplitude, and is in 
a different i)ha8o. If the original phase 
difference 27r(5/X)=2n7r, that is, if 5=2n{\j2), 
wliore 71 is a positive integer, A has its 
maximum value, Aj-i- Ag. On tho other hand, 
if 27r(5/X) = (2rn- l)7r, that is, if 5 = (27i-|- l)(X/2), 
A has its minimum value, A^-Aa- If 5 is 
an odd number of quarter wave-lengths, 

|,=A,sin27r^^-^). 

and A^=Aj^’*H- A a^, that is, tho total intensity 
is equal to tho sum of tho intensities of the 
two waves. If Aj^Ag tho total intensity is 
four times that of each wave when 5=2w(X/2), 
and is zero, that is, tho waves interfere, when 
5 = (2?i-f- l)(X/2). This does not mean that 
any energy is destroyed; what happens is 
that tho distribution of tho energy is modified. 

Tho treatment may bo extended to the case 
of any number of waves, but the brief sketch 
just given serves to illustrate the method 
whereby tho phenomenon of interforenoe may 
bo explained by means of the wave theory 
of light. 
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§ ( 3 ) Yothstg’s Experiment, — Trae inter- 
ference of light was first observed by Young ; 
the experimental arrangement he employed 
was described in his lectures which were 
published in 1807 . Light from a slit was 
allowed to fall on a screen in which there were 
two small pinholes placed close together. 
Interference bands were then observed on 
another screen placed in a position where 
the rays, after being difiracted at the pinholes, 
overlapped. The phenomenon is really one 
of interference of difiEracted light, ^ because 
the rays which pass directly through the pin- 
holes will not overlap. It will be of interest, 
however, to consider the explanation of the 
phenomenon by means of the wave theory on 
the assumption that the two pinholes do act 
as sources of light in which the vibrations 
bear a constant phase relationship to each 
other, for, as will be seen later, it is possible to 
obtain the necessary conditions by optical 
means. Let S^, S2 (Fig, 1 ) represent two 



^IQ, 1 . 


pinholes acting as sources of light. If we 
assume that the ether particles at and 83 
are vibrating parallel to each other in the same 
phase, and that the waves being sent out have 
the same amplitude and the same period, we 
may consider the effect at a point P on a 
screen OP, set parallel to the liae ioining S1S2, 
at a position where the beams from Sj and 83 
overlap. Draw O'O through the mid-point 
0 ' of S1S2 perpendicular to the screen. Let 
8182 =d, 0 ' 0 =a;, and OP=?/. Then 

Therefore SiP® - 83?®= 2yd. 

If d and y are each small in comparison with 
X, we have 

SiP-l-S2P=2a-. 

Thus SiP-SsP=^. 

If the difference S^P - SgP is equal to an even 
number of half wave-lengths, that is 27 i(X/ 2 ), 
where is an integer and \ is the wave-len^h, 
the waves will reinforce each other ; there 
will therefore be a maximum intensity at P 
when 


2nx\ 



^ Tiflfraction phenomena, which may be looked 
upon as a special class of interference phenomena 
depending on the restriction of apertures, will not be 
discussed in this article. 


If, however, the difference S^P - SgP is equal 
to an odd number of half wave-lengths, that 
is ( 292 - -1- 1)(\/2), the waves will interfere ; there 
wiU therefore be darkness at P when 

(2?2--f- l)a;X 

y- 2d -■ 

It may easily be shown that, if a lino is 
drawn on the screen so as to pass through P 
and be perpendicular to OP, the total disturb- 
ance at a point P' on this line is the same as 
at P, if PP' is small. Thus tho appearance 
on the screen will be that of a series of parallel 
alternating bright and dark bands,® tho 
distance between the centres of two con- 
secutive bright bands or dark bands being 
given by 



The central band of the system, that is tho 
one at 0, is bright. 

The positions of these bands or fringes 
depend on the wave-length of tho light used. 
Thus, if white light is employed, there will bo 
ani infinite series of bright and dark bands 
corresponding to the infinite range of wave- 
lengths in white light. Tho result will bo 
that only a few bands near tho centre will 
be at ail clear, the outer ones overlapping 
each other; the central band will bo white. 
Thus, in order to obtain a considorablo number 
of bands, monochromatic light must bo em- 
ployed.® 

The above treatment will hold for all oases 
where the interfering beams come from two 
real or virtual images of one and the same 
luminous point. This roquiroment is funda- 
mental for the production of iuU^rforenoe 
fringes, it being impossible to obtaiix inter- 
ference between beams which como from two 
entirely independent sources. Tho reason for 
this is that the phase of tho disturbance fi'om a 
given source, oven if of constti^nt wave-length, 
alters frequently and irregularly, ho that tlicro 
can be no fixed relationship between two 
independent sources. If, however, tho two 
sources are, real or virtual images of the 
same source, there will bo a constant phuHO 
relationship between tho vibrations in the two 
and interference systems will be observable. 
In such a case the source must hav<i l>e(*!n 
maintained in regular vibration for millio uh of 
periods. 

It is interesting in this connection to note 
that the number of fringes which can bo 
observed gives us information with i‘ogard to 
the number of recrular vibrations performed 

* The bauds are only approximately straight : 
actually they arc the sections of a system of hyper- 
boloids of revolution round tho lino SiS* having Hi ami 
Sa as foci. 

later on under “ Achromatic 

Fringes, ” § (6). 
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by each molecule in the luminous source before 
a sudden change in phase takes place, for at 
the w-th dark fringe interference takes place 
between vibrations which left the two sources 
at times nr apart, where r is the period of 
vibration. In the case of sodium light 
Fizeau counted about 50,000 fringes, while in 
more recent times path difierenoes correspond- 
ing to as many as a million fringes have been 
obtained in the case of certain kinds of mono- 
chromatic light. 

§ (4) Methods oe peodtjoing Inteeper- 
ENOD Feingbs. — A. great number of methods 
of producing interference fringes of the type 
just discussed have been devised, but they all 
practically depend on the formation, hy means 
of some optical system, of two images (real or 
virtual) of a narrow source of light, such as 
an illuminated slit. These images then act 
as secondary sources, fringes being observed 
in the region where the beams of light which 
oomo from these sources overlap. In each 
case tho distance D between consecutive 
bright or dark hands is given by 



where a; = distance between sources and plane 
in which the bands are observed, 
d= distance between the secondary 
sources, 

X= wave-length. 

Some of tho more important optical systems 
devised for the purpose mentioned may be 
described as follows. 

(i.) Fresnel's Two-mirror System . — This is 
one of tho systems that FrosnoP suggested 
for the purpose of overcoming the objection 



that dillractioa idays a part ixi Young’s ex- 
periment. A plan of the arrangement is 
shown in Fiy. 2. 

The light from a slit S is reflected from two 
piano mirrors O^M^, tho normals to 

which are inclined at a small angle 0, tho line 
of intersection of tho mirrors being parallel to 
tho length of tlio slit. Tho reflected beams of 
light appear to come from and S 2 , the 
images of S in tho two mirrors, and intor- 
forenco bonds parallel tt> tho slit are obtiiinod 

* A. Frosnol, (Fuvr. ccmpl. i. 150, 186; ii. 17, 62, 


on a screen OP, where the two- beams overlap. 
ITow let 0'S=a and 0'0=A The angle 
subtended by S^Sa at 0' is equal to twice the 
angle between the mirrors. Also Si and Sg 
are situated as ffj behind the mirrors as S 
is in front of them. Thus it follows that 
O'Si = O'Sa = O'S = a, and SiSg = 2ad. 


Henoe 


P_ (a+6)\. 

2ad 


The Fresnel mirror system may be modified 
by the introduction of a lens to form two real 
images of the slit.^ This is the arrangement 
which Righi ^ used in his experiment for 
demonstrating the existence of light-beats. 

(ii.) Vautier^s Three-mirror System . — In this 
system ^ three equidistant mirrors are set up 
approximately parallel to each other, the inner 
one being silvered on both sides and the others 
on their inner sides only. The two interfering 
beams of light are formed by reflection first 
at each of the two outer mirrors and then at 
the central mirror. If the mirrors were set 
{icourately parallel to each other the beams 
would be contiguous and no interference 
would take place ; one of the outer mirrors 
is therefore set up so as to make a small 
angle with the others. Vautier has also 
employed an arrangement whereby the light 
incident on the mirrors is rendered parallel 
by the introduction of a lens ; the beams after 
reflection then pass through another lens 
which forms two real images of the source 
of light. 

(iii. ) M iclwUon's Mirrors . — ^Michelson ® forms 
two virtual images of a source hy double 
reflection at two mirrors which are inclined 
to one another at an angle which is very 
little loss than 90°. The arrangement has the 
advantage over that of Fresnel that it does 
not require such accurate adjustment of the 
mirrors. 

(iv. ) FresneVa Bi-prism, — Fresnel ® also 
obtained interference fringes by making use 
of refraction instead of reflection to form two 
adjacent virtual images of a source. The 
light from a sUt S (Fig. 3) is refracted by the 


_< « X ^ J 



Fig. 3. 


bi-prism ABO, the edge A of the obtuse angle 
dividing tho light into two beams which, after 

* Of. F. Msscart, TraUi d'opiigue. 1880, 1. 180. 

* A. Rlffhi, Joum. de Physiqm, 1883, ii. 442. 

* 0. Vaiitior, Comptes B&ndsis, 1903, oxxxvil. 615 ; 
down, de Physiqtiey 1903 (4), ii. 888. 

® A. A.Mlchclnon, Am. J. Sci, 1890(3), xxxix. 216. 

* A. Fresnel, CBttvr. compl. i. 330. 
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refraction, appear to come from Sj and 82* 
Interference fringes can then be observed in 
the region where the two beams overlap, 
provided that the edge A is accurately parallel 
to the slit S. Let 5 be the deviation produced 
by each half of the prism, /x- the refractive 
index of the prism, and a = /.ABC = ^ ACB. 
Then 

8182= 2a sin 5=2a(/x — l)a, 

if a is very small, where a=SA. 

Thus the bi-prism is equivalent to a pair of 
liVesnel mirrors inclined at an angle (/x. - l)tt. 
The distance between two consecutive bright 
or dark bands on a screen OP at a distance b 
from the bi-prism is then given by 

P _ (a+6)X 
2a(/x — l)a‘ 

If white light is used, there is greater over- 
lapping of the bands due to different colours 
than with Fresnel* s mirrors, because in the 
expression for I) a decrease in the value of X 
is accompanied by an increase in the value 
of fi, owing to the dispersion caused by th6 
prism. 

A simple and very useful method of measur- 
ing S1S2 has been suggested by Glazebrook.^ 
A convex lens is inserted between the bi- 
prism and the microscope which is used for 
measuring the separation of the bands, and 
is adjusted so as to form images of and S2 
in the focal plane of the microscope. The 
distance di between these images is measured. 
The lens is then moved into the second position, 
in which it forms images of Si and S2 in the 
focal plane of the microscope, the distance 
da between these images being measured. 
Since the magnification in the one position is 
the reciprocal of the mag- 
nification in the second 
position, it follows that 

^ dj^da* 

A modified form of 
Fresnel bi-prism, due to 
Winkelmann,® is illustrated 
in Fig. 4. The hi-prism, 
of refiaotive index /x-j, is 
mounted in a cell containing a liquid, such 

as benzene, of refractive index jLtgj the cell 
being covered by a plane parallel piece of 

glass. In this case 

{a+b)\ 

2a(/Xi — /x-ala* 

where the symbols have the same significance 
as before. The advantage of this arrange- 
ment is that the obtuse angle of the bi-prism 
may be made much less obtuse than in the 
case of the bi-prism used in air. 

^ R. T. GHazebrook, ^Physical Optics. 

® A. Winkelmann, Zeits. Insirumentenic., 1902, 
xxii. 275. 
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(v.) Bi-plates . — Another method of obtain- 
ing two adjacent virtual sources for producing 
interference fringes is to use a hi-plate,® which 
consists of two parallel plates of glass of equal 
thickness (preferably cut from the same piece 
of glass) inclined to one another {Fig, 5). 



The beams of light after refraction appear 
to come from the virtual images S^ and Sg. 
Two real images of and Sg are formed by 
the introduction of a lens. Kow the lateral 
displacement of a ray in passing through a 
parallel plate of thickness t is given by 

f sin (i — r) 
cosr * 

where i and r are the angles of incidence and 
refraction respectively. Hence 

g g — ss2< sin i{l - cot i tan r}. 

1 a oosr ^ ^ 

If the plates are incJined at angle 26 wo have 
i = 90® - 0 approximately. Therefore 


sin i= cos 0, cos ^ = sin cot i = tan 


cos 0 n/u® — cos^d 

gmr= , cos r= — 

II 

tan r=- 


cos 6 


cos^ o' 

where /x, is the refractive index of the glass. 


Thus 

S1S2 = cos 1 - - \ , 

and the value of 1) may then bo docliicod. 

(vi.) Billet's Split Leris . — In this system * 
{Fig, 6) two real images. Si and S2, of on 



Fig. 6. 


illuminated source are formed by two halves 
of a lens which can be separated or brought 
close together by means of a micrometer 
screw, the motion being along a line perpendi- 
cular to the optical axis. 

(vii.) MesUn's Split Lens. — This is a 
modification of the previous arrangement, the 


“ ^ Jamin, Coursde phmigue, 1800 (3), 524. 

‘ F. Billet, Awn. 0/tm.etPh2/«., 1862(3), Ixiv. 380. 
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two halves being relatively displaced along 
the optical axis^ The two real images, 
and S2 (Fig. 7), are then formed on the optical 
axis and interference fringes can be observed 
in the region between Sj and Sg. The points 
of equal phase difference in this case lie on 
ellipsoids of revolution, having Sj and S2 as 



Fia. 7. 


foci. A system of semicircular * fringes is 
then obtained. In both this and the previous 
case the distance SjSg can he calculated from 
the separation and the optical constants of 
the lens halves. 

('^.) FreaneVs Three-mirror System . — In 
this system three mirrors — Mj, Mg, and M3 
(Fig. 8) — are employed. One of the secondary 


s'. 



Fig. 8, 

sources is the image Sj of S in the central 
mirror Mj. The other secondary source Sg 
is the image in M3 of which in turn is the 
image of S formed in Mg. Thus one of the 
beams is once reflected at while the other 
is twice reflected at and Mg. The mirrors 
Mg and M3 are set up in such a position that 
their pianos intersect at 0, the centre of Mj, 
malcing approximately equal angles with the 
j)lane of Mj. The central band of the inter- 
ference system is black, from which Fresnel 
concluded, as Young had done in order to 
explain the black centre in Newton’s rings, 
that there is a loss of optical path of J X by 
reflection at a glass surface. 

For modilioations of the Fresnel three-mirror 
system see Quincke ® and Masoart,^ 

(ix.) Lloyd\s Mirror . — This is a somewhat 
simpler arrangement ® than the previous one. 
Interference takes place between the direct 
beam from a source S ( Fig. 9), and the beam 
reflected from a single mirror (a piece of 
black glass is suitable) at almost grazing 

^ Meslln, Oemptes RenduSy 1803, cxvi. 260, 670 ; 
Jimn. de Physique, 1893, (8), ii. 205. 

* Complete circular frlnpies arc not obtained, as 
the beams of llpflit overlap only on one side of the 
optical axiR, as may be seen from the (Uagram. 

* a. Quincke, Fogg. Ann., 1871, cxlil. 228. 

* B. Mascart, Comjites R&idus, 1887, cv. 967. 

* H. Lloyd, Roy. Irish Acad. Trans., 1837, xvil. 
174. 


incidence, the second beam appearing to come 
from the virtual image S'. In this case again 
the central hand of the interference system is 



Fig. 9. 

dark. Owing to the asymmetry of the optical 
system only on© half of the fringe system can 
be seen, unless a thin transparent plate be 
held in the path of the direct beam so as to 
introduce retardation and consequent dis- 
placement of the fringes. 

§ (5) Achromatic Feinges. — ^We have seen 
that the distance D between adjacent fringes 
is given by 



from which it is clear that D varies with the 
wave-length X. If it were possible to arrange 
that the ratio X/d! should he constant for all 
wave-lengths, one would be able to obtain 
a system of achromatic interference fringes 
when using white light, for then the fringes 
due to the different colours would coincide. 
A simple method of obtaining such achromatic 
fringes is to use as the two sources a short 
spectrum and its virtual image formed by 
reflection in a glass plat© (Lloyd mirror 
system). The blue end of the spectrum 
should be towards the plate, as the distance 
betw'een the sources for blue light should be 
less than for red light. If the spectrum is 
formed by a prism it is only possible to 
achromatiso the fringes for two colours, but 
if a diffraction grating is employed tbe super- 
position of fringes for two wave-lengths will 
secure the superposition of fringes for all otker 
wave-lengths. 

§(C) Intbrfbrbnor in Films and Plates. 
— The interference phenomena which we have 
so far discussed can only be observed when 
a point source or a narrow line source of light 
is used. There is another group of inter- 
ference phenomena which can be observed 
when using an extended source of light. In 
this group are included the oases of inter- 
ference in transparent films and plates- A 
number of such oases will now be dealt with. 

§ (7) Intbeferbnob in Thin Films, (i.) 
Simple Cases . — ^Whon a very thin film of a 
transparent substance is illuminated by a 
broad source of light, such as a bright sky, 
brilliant colours are seen ; soap bubbles and 
thin layers of oil spread over the surface of 
water are familiar examples • of this pheno- 
menon. These colours are due to interference 
between the rays reflected from the two 
surfaces of the film. 
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Let Tis first consider the case of mono- 
chromatic light falling oo. a thin, film which 
is bounded by two parallel surfaces. At 
present we may confine our attention to the 
two paths ABODE and FDE (I'ig* 10). The 



first is that of a ray which is refracted at the 
first surface, intemally reflected at the second 
surface, and again refracted at the first 
surface ; the second is that of a ray (emanat- 
ing from the same point in the source) which 
is incident parallel to the flrst ray and is 
reflected at the first surface of the film. The 
difference in optical path of the two rays can 
easily be deduced. Let i be the angle of 
incidence and r the angle of refraction in the 
film. Draw BG perpendicular to PD and 
DH perpendicular to BC, and produce BC 
to meet the line through D normal to the film 
surface in K, Then BG and DH are the 
fronts of the incident and refracted waves 
respectively, so that the portions of the paths 
GD and BH are optically equal. Thus the 
path difference d = HC + CD = HK = 2t cos r, 
where t is the thickness of the film. This 
is equivalent to 2/jticoQr, measured in. air, 
where yu is the refractive index of the film. 

At first sight it would appear that there 
would be a maximum brightness when the 
path difference is equal to an even number 
of half wave-lengths and a minimum bright- 
ness when the difference is equal to an odd 
number of half wave-lengths This, however, 
does not fit in with the observed phenomena, 
and we can see that in the limiting case when 
the film is of zero thickness no light will be 
reflected, though we might from the above 
considerations have expected maximum bright- 
ness. The reason of this apparent discrepancy, 
as was first suggested by Young, is that light 
reflected at the surface of a denser medium 
suffers a phase change of 180®, which is 
equivalent to a path difference of half a wave- 
length. In the case of the film one of the rays 
is reflected without change of phase at the 
surface of a rarer medium, while the other 
is reflected at the surface of a denser medium. 
Thus the total retardation in the case under 
consideration is 2^«cosr+J-X. The bright- 
ness will therefore be greatest when 2iit cos r 
is equal to an odd number of half wave- 


lengths, and least when 2/ji cos r is equal to 
an even number of half wave-lengths. 

If now the incident light is white the 
light reflected from any point of the film 
will not include the wave-length which satisfies 
the equation 2/4^ oos r = at that point ; the 
light will accordingly be coloured. If the 
film is of uniform thickness the colour* will 
be uniform over the whole film. ^ Amy want 
of uniformity in the thickness will give rise 
to variations in the colours observed at 
different parts of the film. This gives a 
convenient method of testing the uniformity 
of thickness of a film.® 

(ii.) JSfect of Multifile Reflections — The 
theory of thin films, as above sketched, is 
not complete, for we must take into account, 
as Poisson showed, the effect of multiple 
reflections. If d is the retardation of a ray 
once internally reflected, then 2d will be the 
retardation of a ray internally reflected three 
times, and so on. In order to sum up the 
effects of these multiple internal reflections 
it is necessary to in- 
vestigate the rela- 
tions between the 
amplitudes of the 
reflected rays. Let 
the amplitude of the 
incident ray AO 
(Mg, 11) be a, and 
the amplitudes of the 
reflected and re- 
fracted rays OB, OC 
be ab, ac respectively, 
where b, c are fractions.® If these rays bo 
reversed they should combine to give a ray 
along OA of amplitude a. The reversal of 
OC will give a ray of amplitude ab^ along 
OA, and one of amplitude abc along the 
refracted path OC'. Let the components, 
along OA and 00', of 00 reversed bo acc' 
and ac6' respectively. Then 

ab^+ acc' = a and abc + cucb' = 0, 
since there must be no resultant ray along 00'. 
Thus 

cc'= 1 - 1 - and 

We may calculate the resultant phase 
difference for the reflected beams, taking into 
account the multiple internal reflections. 
The amplitudes of the various beams are 
shown in Tig. 12. The common phase 
difference of the reflected components is given 

‘ This is true only if the film is bo thin that the 
variation of tho anpjlo of incidence from one point 
to another docs not affect tho valno of 2/it(^ortr by 
more than a small fraction. If a point source at 
infinity is used tho statement is tr\io for any thiiiknosa 
of film since the anRlo of incidence is thou constant. 

® See article on “ Intcrforomotois : Technical 
Applications.** 

* G. Stokes, MofA. aM Phys. Papers, il. 89. 
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by 5— (2r/\)(?, where d is the commoa ptith 
difference. 

Now lot A be the amplitude of the resultant 
reflected beam and A its phase when the phase of 



the first reflected beam is zero. Then, making use 
of the notation employed at the hoginning of this 
article, wo have 

Aoos +A}=oi oos 

■Cach'd' cos 

•+ac6V cos 425 |h- . - . 

Expanding, and equating the coefficients of 

j ®\ 

TV"v) 

wo obtain 

A cos A*=a&4-ac&V cos d+acV^c* cos 25 4- . • 

A sin Abs acb V sin 5+iM&'Vsin254* . . . 
Thoroforo 

Ae''^=o6+<tc&V(e»«+I.VA'«+ . . .) 

.U 


=ab -\-ach'd'- 


1 - 


Multiplying the second term on the right ahovo and 
below by 1— wo have 


AeiA.a6 , j . ..“f*'?!!*! 

1 —25'“ oos 3-1-6'* i —26'“ cos 


sin 5 


54-i'*’ 


If wo equate the nnil parts on both sides and the 
imaginary parts and square and add wo got, on 
substituting 

cc'--b 1 -3“ and 6» —3', 


4a“3asia2(5/2) 4rx“6“ «in2J_5_/2) 

1-26“ oos 5+6* ““(I - 5“)“+ 46® sin“W2) * 

By a similar calculation it is possihlo to 
deduce that the amplitude B of the resultant 
transmitted hoam is given by 

oa- a«(l-6®)» 

(1 4- 46“ sin“T5/2)’ 

This result is to be expected, since A“ and 
T5® are the intensities of the reflected and 


transmitted heams, and their sum should 
equal a“, the intensity of the incident heam. 

The result for the reflected beam shows 
that the intensity is zero when 

3=2?i.7r, 

that is, when 2/a^ cos y= %\, 

. ^ 2-7r _ 2r ^ . 

since $=~^d= y • 2f^t cos r. 

Thus, if light of wave-length X is employed, 
the film or plate will appear perfectly black 
when 2jut oos r is equal to an even number of 
half wave-lengths. This is the same result 
as was obtained when considering the simpler 
case of one internal reflection, except that 
there the condition was merely for minimum 
brightness. 

It is interesting to note that the condition 
for zero intensity in the reflected beam corre- 
sponds to maximum intensity in the trans- 
mitted beam, and that the minimum intensity 
in the latter is not zero, hut is such that when 
added to that of the reflected beam the sum 
is a“. The phenomena in the two cases are 
complementary, but are much sharper in the 
reflected than in the transmitted beam. 

(iii.) Wedffe-shaped Films . — ^If the two plane 
surfaces bounding a film are inclined to each 
other at a small angle, a system of fringes 
will be observed. K white light is used the 
fringes will be coloured, but there is so much 
overlapping of the fringes that they will, not 
be distinguishable unless the film is extremely 
thin and the angle of the wedge is very small. 
In the case, therefore, of films of appreciable 
thiolcnoss it is necessary to use monochromatic 
light, and the thicker the film the more mono- 
chromatic the light must be. 

§ (8) Newton’s Bings. — Newton observed 
that when a piano-glass surface was placed 
in contact with a convex spherical surface 
circular fringes wore formed roumd the point 
of contact. These fringes, usually oallod 
Newton’s rings, are duo 
to intorforonco in the 
film of air between the 
two surfaces. Now we 
have seen that where 

2^^ oos y= 

there will bo maximum 
or minimum brightness 
according as tu is odd or 
oven, whore /t and t arc 
the refraotivo index and 
thickness of the film and r is the angle of refrac- 
tion in the film. In the present case, if wo 
consider the light to bo incident normal to a 
plate of glass resting on the convex surface 
of a lens (Fig. 13), /t — 1 and r=0. Let A bo 
the point of contact and E be the radius of 



Tj’ig. 13. 
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curvature of the convex surface. Then if t 
is the thickness of the air film at a point B, 
where AB = p, we have 

p« = BC.BD 

= 2iR, 

since we are considering points very close to 
the point of contact. Thus there will he a 
bright ring when 

p = R(271 4- 1)^* 

and a dark ring when 

p = n/RjiA, 

where n is any whole number, Newton’s 
rings, therefore, give us the means of measur- 
ing R if \ is known.^ ; 

§ (9) MioHBLSON’S iNTERFrEOMETEB. — A 
convenient method of observing interference 
phenomena in an air film of variable thickness 
was devised by Professor Mfiohelson ^ The 
principle of the arrangement which he used 
is as follows. Light from a monochromatic 
source S 14) falls on a plane-glass plate 



at an angle of 45®. The back surface of 
this plate is half silvered so that the beam of 
light is divided into two portions of approxi- 
mately equal intensity. One of these, after 
transmission through P^ and a second similar 
plate Pg (unsilvered), and normal reflection 
at the plane silvered mirror M^, passes again 
through Pa and is reflected by the half- 
silvered surface of Pi into the observing 
telescope T. The other portion, after internal 
reflection in and normal reflection at the 
plane silvered mirror Mg, is transmitted through 
the plate Pi into the telescope. The reason 
for introducing the second plate, Pg, which is 
placed at 45° in the path of the first beam, is 
to make the glass paths of the two beams 
equal, for without it the first beam would 
pass once through Pi whereas the second 
beam would pass through it three times. 
In order to obtain complete compensation of 

1 See article on “ Spherometry.’*' 

> A. A. Michelson, Am,. J, iSci., 1882, xxlii. 395 : 
Phil. Mag., 1882, (5) xiii. 237. 


the glass paths the two plates, Pi, Pg, should 
be of equal thickness, preferably cut from the 
same piece of glass. If the air paths are now 
of the same length the arrangement is equiva- 
lent to a film of zero thiclmess, for the image 
of Ml by reflection in Pi will then coincide 
with Mg. One of the mirrors is provided 
with a micrometer screw hy means of which 
it may be moved parallel to itself so as to 
introduce any desired difference in optical 
path. The plates and mirrors are also pro- 
vided with fine adjustments to enable the 
image of Mi to be brought into paralloLism 
with Mg. 

Modified forms of the Michelson interfero- 
meter are used for testing the planoness of 
surfaces, the homogeneity of glass blocks and 
prisms, and the aberrations in lenses.® 

§ (10) Pabev Ain) Perot Interferometer, 
— Wq have already seen, when considering the 
case of multiple reflections in films, that the 
intensities of the resultant reflected and trans- 
mitted beams are given by 

A!t— 4<z®6® 8in2(5/2) 

^ ~ (1 - 62)2 sin® (5/2) 

. P8_ ( l - 6^)2 

(1 - 6®j®V 4a**52 sin® (5/2) 

respectively, whore a® is the intensity of the 
incident light, 6® is the reflection coefficient, 
and 5 is the common phase difference between 
successive components of the reflected and 
transmitted beams. Confining our attention 
to the transmitted system, wo see that, as 5 
varies, the intensity varies poriodioally ; its 
maximum value, corresponding to 5 = 2«7r, is 
e®, its minimum value, corresponding to 
5=(2n-hl)7r is a\{l +b^))\ while an 
intermediate value, where 5=((2;i-l- l)/2)r, is 
o2((l -b2)®/(l -1-5*)). It will bo soon that, us 
the reflection cooffleiont incroasos, tho mini- 
mum and intermediate values decrease, and, 
therefore, tho maxima boooinos sharper. Fig, 
15 shows the typos of intensity curyes obtained, 



Pia. 15. 


for normal incidence, with unsilverocl (AA ; 
5® = -04), and silvered (B13 ; 5®“*75) plates. 
Thus by using a high reflection coofHcient 
one obtains sharp bright lines on a dark 
background. Tho case for tho rofloe-tod 
system is exactly reversed and is illustrated 
by Fig. 15 turned upside down. In this case, 

“ See article on “ Intcrforometors : Tc(^lmleal 
AppHcations *’ • also P. Twyman, Opt. Soc. Trans., 
1920-21, xxii. ^o. 4. 
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if the reflection coefficient is high, one ohtains 
sharp dark lines on a bright background. 

The above fact has been made use of by 
Fabry and Perot ^ in their interferometer, 
which consists of two glass plates, the neigh- 
bouring faces of which are lightly silvered. 
One plate is fixed, and the second plate, which 
is set approximately parallel to the first, can 
be moved parallel to itself so that the thick- 
ness of the air film between the plates can 
be varied at -will. 

§ (11) LiTMMBR and GiHBOKB iNTBRrERO- 
MHTER. — The brightness of the reflected beams 
can also be increased by increasing the angle 
of incidence. Lnmmer and^ Gehrcke-* have 
employed this principle in their application 
of interference methods to spectroscopy. 
They use a plate of glass (Mg, 16), at the end 
of one face of which is cemented a small 
right-angle prism. The incident light passes 
through the prism into the plate, and the 
beams of light which emerge, after successive 
internal reflections, from both sides of the 
plate can bo examined by means of a telescope. 

It might at first appear that the phenomena 
ohsorvable with the Lummer and Gehroke 



plate are due to diffraction effects, and this 
for two reasons. Firstly, there is a striking 
resemblance between the plate and the 
echelon grating, the path difference of suc- 
cessive beams increasing by definite stops. 
Secondly, it is well known that in interference 
systems such as we are considering the angular 
separation between the fringes decreases rapidly 
as the angle of incidence is increased, so that 
we might expect that in the case of the 
Lummer and Gehrcke plate, where the beams 
leave tbe plate at practically grazing emorgonco, 
the fringes could not be resolved. This, 
however, is nc^t so, for, as one may easily 
calculate, the angular separation between 
successive fringes increases again as one 
approaches the limiting case of grazing 
emergence until it very nearly reaches the 
value for normal incidence. The phenomenon 
is, therefore, one of pure interference.® 

§ (12) Intubferenge in Mttltiple Thick 
Plates. — ^W hon two plates of glass are inclined 

* 0. Fabry and A. Perot, Ann. CMm, et Phys., 
1807, xli. m; 1809, xvl. 115; lOOl, xxil. 640; 
Comptes Iiendu9, 1898, exxvi. 331, 407, 1501, 1624, 
1700,1770. 

* 0. Tjuramor, VerJiandl d, Dpvlsch. Ph?/8. Qes., 
lOOl, iii. 1)2; 0. Lummer and K. Ochreko, AJead. 
Wi88. Merlin, Ber., 1902, 11 ; Ann, d. Physik, 1903, 
X. 457. 

* Cf. R. W, Wood, Physical Optics, 1014, 283. 


to each other at a small angle (Fig, 17), a 
beam of light incident on one of the plates 
is divided into a number of components by 
multiple reflections between the plates. If 
the plates are of the same thiclmess some of 
these components are capable of interfering 
with each other. Thus in Fig. 17 the paths 



of the rays 3 and 4 are approximately equal, 
and, owing to the small inclination of the 
plates, such rays will form a series of inter- 
ference fringes. Brewster * observed this 
phenomenon in 1817, and a modification of 
the arrangement has been employed by 
Jamin. ® in his interference refractometer. 
The principle of this instrument is illustrated 
in Fig, 18. A and B are two plates of optical 
glass, mounted parallel to each other and 
inclined at an angle of 46° to the line joining 
the centres of the surfaces 6^ ; the other 
surfaces, Ug, 63 , are silvered If the plates 
have exactly the same thickness and the 



Fia. 18. j 

same refractive index, and are placed accurately 
parallel to each other, the optical paths of the 
two beams shown in Fig. 18 will be equal. 
On slightly rotating one of the plates about 
a horizontal or a vertical axis a path difference 
is introduced and a system of interference 
fringes can then be observed. 

The Jamin refraotometer can be used for 
meeisurmg the refractive indices of gases or 
of transparent liquids or solids. Thus, for 
example, a plate of glass may be introduced 
into the path of one of the beams, in con- 
sequence of which there will bo a displacement 

* T>. Brewster, Bdin. Trans,, 1817, vll. 436. 

® J. .Tnmin, Comptes Mendus, 1866, xlll. 482 ; Ann. 
CMm. et Phys., 1868, (3), 111. 163. 
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of tlie fringe system. The amoTmt of this 
displacement depends on the thickness and 
refractive index of the plate, and may be 
determined hy placing in the path of the other 
beam a compensator consisting of two exactly 
similar small-angle glass wedges, of known 
refractive index, which can be slid relatively to 
each other so as to form a plate of uniform 
but variable thickness. The compensator is 
adjusted until the centre of the fringe system 
is brought to its original position. ^ 

In oases where it is desired to compare the 
refractive indices of similar gases, liquids, or 
plates of glass, that is, when the displacement 
of the fringe system is relatively small, one 
can employ a Jamin compensator for bringing 
the fringe system hack to its zero position. 
This consists of two glass plates fixed to a 
common axis and inclined to each other at 
a small angle. If the compensator is set up 
so that each of the plates is in the path of 
one of the interfering beams, small relative 
retardations can be introduced by rotating 
the compensator about its axis. The amounts 
of these retardations may he calculated or 
may be obtained by c^ibrating the com- 
pensator by means of auxiliary experiments. 

Modifications of the Jamin interference 
refractometer, necessitating the emplojnnent 
of only one glass plate, 
have been used by 
Mascart,^ Lmnmer,® 
and Ketteler.* The 
system employed by 
Mascart and Lummer 
has recently been ap- 
plied by Waetzmann® 
to the study of the 
aberrations in lens sys- 
tems. Zehnder ® and 
Mach ’ introduced two 
auxiliary mirrors, as 
illustrated in Mg. 19, 
in order to separate the interfering beams as 
much as possible. 

§ (13) Intbrfebbnob op Pol^lEisbd Light. 
— ^The interference phenomena connected with 
polarised light are described in the article on 
‘‘Polarised Light,” g'.v., but the general 
conclusions reached by Tresnel and Arago ® 
in their investigations may be stated as 
follows : 

(i.) Two rays of light polarised at right 

^ For the purpose of cletermining the centre of the 
system of monochromatic fringes a system of coloured 
fringes formed by white light is superimposed on the 
other system. 

* E. Mascart, Ann. Chim, et Phys., 1871, (4), xxiii. 
146. 

® O. Xummer, Wied. Ann., 1884, xxiii. 613. 

* E. Ketteler, Pocrg. Ann., 1871, cxliv. 372. 

® E. Waetzmann, Ann. d. Physih, 1912, xxxix. 
1042. 

* L. Zehnder, Zeits. Instrumentenle., 1891, xi. 276. 

’ L. Mach, Zeits. Instrummtenk., 1892, xii. 89. 

® A. lYesnel and F. Arago, Ann. Chim.. et Phys., 
1819, (2), X. 288. 


angles do not interfere destructively xmder 
the same circumstanoes as two rays of ordmary 
light. 

(ii.) Two rays of light polarised in the same 
plane interfere like two rays of ordmary light. 

(iii) Two rays polarised at right angles may 
be brought to the same plane of polarisation 
without thereby acquiring the qnaUty of being 
able to interfere with each other. 

(iv.) Two rays polarised at right angles, and 
afterwards brought to the same plane of 
polarisation, interfere lil^e ordinary light if 
they originally belonged to the same beam 
of polarised light. 

§ (14) Applications of Intbbfbrbnoi 
Phenomena. — ^In addition to those men- 
tioned in this article ® the following applica- 
tions of interference fringe systems to physical 
measurements, etc., may he mentioned : re- 
fractometry,^® standardisation of wave-length 
and structure of spectral lines, comparison 
of length gauges, numerous physical and 
engineering problems,^® and colour photo- 
graphy (Lippmann process)^^ j s A. 


Light, Intbbfbbbnob op, m Multiple Thick 

Platbs ; Jamut’s Rbfractombtbb. Sec 

** Light, Interference of,” § (12). 

nOHT, PROPAGATION OF 
HuYaHBNTs’ Principle 

Light is a form of energy which affects the 
nerves of the eye and is propagated by wave 
motion. The vibrations which constitute the 
waves are transverse to the directipns in 
which they travel. 

Since Fresnel introduced the conception of 
transverse wave motion a gradually increasing 
store of theoretical and practical evidence 
has been accumulated to demonstrate its 
truth. Until recently it was supposed that 
the mechanism concerned with the trans- 
mission of these vibrations resembled more or 
less that which regulates the propagation of 
transverse waves in an elastic solid. Recent 
discoveries have shown conclusively that light 
is an electromagnetic phenomenon, and that 
light waves obey the same laws as waves of 
electric and magnetic force. In the present 
article we are concerned chiefly with questions 
which are independent of the physical pro- 
perties of the medium concerned in the trans- 
mission of the fight. All we need to consider 

• See also article on ” Interferometers : Technical 
Applications,’* 

lord lUyleigh, Phil. Mag., 1917, xxxiii. 161. 

E. C. O. Baly, Spectroscopy. 

F. GQpel, Zeits. Instrumentmh., 1920. xl. 3. 

C. Barus, “ The Interferometry of Bovorsed and 
Mon-reversed Spectra,” Parts 1-4, Carnegie Inst. 
Washington Pnblications, 1917. 

** B. W. Wood, Physical Optics, 1914, 170. 
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are the rapid periodic changes of some vector 
quantity which, like other vectors, can be 
represented by a straight line in that it has 
length and direction. 

While it is frequently convenient to visualise 
this vector as an actual displacement, it must 
be home in mind that the changes which 
constitute light are electromagnetic in their 
nature ; we cannot explain all the complex 
phenomena involved by the simple vibrations 
of ether particles. 

Consider now a luminous source, 0, lig. 1. 
light vibrations are emitted in all directions 
from this source, 
travelling out- 
wards in waves 
with definite 
velocity. At one 
instant the dis- 
turbance will 
have reached a 
surface such as 
ABC, and all 
points of that 
surface will be 
in the same state | 
of motion or, put in technical terms, in the 
same phase. Such a surface is known as 
a wave front. After another interval, the 
disturbance will have travelled on to A'B'C', 
and this will have become the front of the 
wave. light energy starting from 0 is, after 
a time, distributed over the surface ABO, 
and later, after another interval of time, over 
A'JB'O''. If the medium in which the light 
is travelling is isotropic, that is, has identical 
properties in all directions, the speed of the 
light will he the same whatever be the direc- 
tion of its motion, and it is easily seen that 
the surface ABC and A'B'C^ are both spheres 
with 0 as centre. II, however, the speed 
with which the light travels is different in 
different directions, as in a crystal, tliis is 
no longer the case; the wave front is no 
longer a sphere, but will take some other 
form depending on the properties of the 
medium.^ Suppose, now, the source of light 
to bo a long way off, the curvature of the 
portion ABC of the wave front with which 
wo are dealing becomes less and less as the 
distance from the source is increased, and 
ultimately wo arrive at a plane wave front, 
travelling always parallel to itself with a 
velocity which — ^in a crystalline substance — 
depends on the direction of its motion, but 
in an isotropic substance is a constant, inde- 
pendent of tlio direction. 

"We may, however, regard the problena of 
the propagation of the waves from a rather 
different standpoint. At a given instant a 
certain state of disturbance exists over the 
surface ABC which, after a certain interval 
‘ Soo Light, Double Refraction of.” 


of time, has given rise to the disturbance 
existing over A'B'O'. How are these con- 
nected, and how can we pass from the con- 
ditions over ABC to those over A'B'C' ? 
The answer to th^ question was given by 
Huyghens (Traits de la lumi^re). Consider 
each point of ABC as the origin of a disturb- 
ance travelling outwards in a wave similar to 
that from the original source 0, and draw the 
wave fronts corresponding to each of these 
points, P, Q, R, IS, Fig, 1, and to the interval 
required by the principal wave to travel from 
ABC to A'B'C'. In the case of an isotropic 
medium these wave fronts will all be spheres ; 
in a crystal they will have a more complicated 
form. In any case, however, it is possible to 
describe a surface which envelops or touches 
them all. According to Huyghens, this sur- 
face is the new position of the wave front; 
the disturbances duo to the various secondary 
waves cancel each other everywhere, except 
on the envelope, while the resulting dis- 
turbance over the envelope is exactly that 
produced at the instant in question by the 
original wave-emanating front. 

If we take, for simphoity, the case of a 
plane wave ABC in an isotropic medium, the 
secondary waves are clearly spheres of equal 
radii, with the various points of the wave 
as centre, while their envelope is a 'plane 
A'B'C' parallel to ABO and at a distance from 
it equal to the radius of one of the secondary 
waves, that is, to the distance the disturbance 
has travelled in the interval of time under 
consideration. 

This result is a consequence of the principle 
of Interference in Wave Motion, and though 
the arguments by which Huyghens supported 
it are not conclusive, it is shown in treatises 
on Theoretical Optics that the construction 
he gave is correct, and, when the form of 
the secondary 
waves is known, 
may always be pi, b' 
applied to de- 
terminethoform 
and position of 
the wave front, 
which repre- ^ 
sents the state 
of tho primary 
disturbance. 

^ Wo may also \ 

invert the pro- ^ ' 

cedure and 
apply it to find- 
ing tho form of the wave surface diverging 
from a point in the following manner. 

Consider a large number of plane waves all 
passing through the same point 0, Mg, 2, 
hut having various directions. After a given 
interval of time, t seconds say, each of these 
will have moved parallel to itself through a 
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distance proportional to t and to the velocity 
of light measured in the direction in which 
the plane is moving. We shall have a series 
of planes corresponding with the original 
series but arranged round 0 — the velocity 
of Ught in the medium is the same in all 
directions, these planes will all be equidistant 
from O — ^more generally they will be at vary- 
ing distances, depending on the varying 
velocity of the light. In any case the planes 
will all envelop or touch a closed surface 
surrounding O, and this surface will determine 
the position which a disturbance emanating 
from O has reached in the time t seconds. 

Koreover, if a wave front A'B'C' corre- 
sponding to the wave ABO which passes 
through 0 touch the surface at P, the line 
OP constitutes the ray corresponding to this 
wave front and determines the direction in 
which a distxirhance at 0 in the plane ABO 
is propagated, while ON, drawn at right 
angles to ABO, is the wave normal. If the 
medium is isotropic, the various planes such 
as are all equidistant from 0 ; the 

envelope of these planes, the wave front at 
time tj is clearly a sphere and the ray OP and 
the wave normal ON coincide. 

In general this is not the case, and we have 
to distinguish between ON which determines 
the direction in which the wave travels, and 
OP the ray the direction in which the dis- 
turbance at 0 in the wave front ABC is pro- 
pagated.^ A distinction must also be drawn 
between the wave velocity, the velocity, that 
is, with which the wave front moves forward 
along ON, and the ray velocity, the velocity 
with which the disturbance travels along OP. 

LIGHT, EECriLINEAR PROPAGATION 
OE 

When the state of motion of an electrified 
particle is altered, a pulse of electric and 
magnetic force is emitted from the particle 
and travels out into space at a high velocity. 
This pulse carries with it a definite amoimt of 
electromagnetic energy.^ If the motion of the 
particle he periodic the single pulse becomes a 
series of pulses. Energy is propagated out- 
wards from the particle in waves ; if the 
frequency in the waves lies within certain 
limits,® they affect the nerves of the eye and 
are known as light waves, producing the sensa- 
tion of sight. 

If we are dealing with a small luminous 
source ■ 0 {JFig, 1) in an isotropic medium, 
the waves travel outwards in spheres from O. 
Let BAG he the position of a wave front at a 
time t. After an interval of time the light 
reaches an eye at E. The effect at E is due 

^ See “ Light, Double Befraction of.” 

“ See “ Wireless Telegraphy,” § (J), Vol. II. 

* “Eye, The,” § (6), etc. 


to the disturbance which at the previous 
time t existed over the surface BAG, and may 
be found by calculating the effect due to 



each element of that surface and taking the 
sum.* 

But the eye does not recognise the surface 
BAG as the source of the light ; it appears 
to come in a straight line from 0, and the only 
portion of BAG which m effective in illuminating 
E is the portion A which lies directly between 
O and E. This rectilinear propagation is, 
it can he shown, a direct consequence of the 
fact that the wave-length of light is very small 
compared with the other distances concerned ; 
it ranges from ‘S/z, in the red® to -4/^ in the 
violet. While the complete proof of this is 
a question of complicated mathematics, the 
following argument will indioato in a general 
way the reasons for it. 

Imagine the source to be at 'a long distance 
behind the wave so that the portion of the 
spherical wave considered is practically plane. 
Let EA {Fig. 2), drawn perpendicular to the 



wide front BAG, bo equal to a, and lot X 
be the wave-length. Take a series of points 
A,. A,, A3 ... on tho waves at distaucos a -f JX, 
a-l-X, a-ffX, . - . etc., from E, and doscribe 
a series of circles on the wave front with 
centre A and radii AAj, AAa, etc., thus 
dividing the front into a series of zones or 
rings. These arc known half - pemod 
elements. Tho disturbance which reaches E 
from Aj is opposite in phase to that from A and 
therefore interferes with it ; that from Ag is 
in the same phase as that from A but op])OHite 
to that from A^ ; thus, on tho whole, the 

* See " Light, Propagation of,*’ 

® The value of /x is XU"* im^trcs. 
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effect of the second half-period element is 
opposite to that of the first, while that of the 
third is of the same sign as the effect from the 
first. We may thus write the effect at E as 

Wi-?n- 2 +m 3 - .. etc. 

The quantities etc., will be pro- 

portional to the areas of the consecutiv'e half- 
period elements; they will also depend on 
the angles between the lines EAj, EAg, etc., 
and the direction of propagation, and will fall 
off slightly as these increase, while the increas- 
ing distance of each element from E will lead 
to the same result. Now to find the outer 
radius AA,j of any ring we have 

EA,»2^AA,,a-t-62, 

AN„>= ^6+^y -6»=6>iX-l- 

—hrCK approximately, 

since may bo neglected. 

Thus the area of the Tith ring is given by 
ir(AA „2 - AA^_i®), and this is equal to Trb\ 
which is the same for all the rings. 

Thus to our approximation, so far as the 
areas of the rings go, the quantities etc., 

representing the amplitudes of the disturbances 
at E due to the consecutive rings are equal ; 
they decrease, however, in consequence of the 
increase of the angle A’EA^ and of the distance 
EA^ as we get further from A. Thus in our 
series 

S=?ni-ma-fm5 . . . ; 

the terms gradually decrease, but the difference 
between consecutive terms is small. The sum 
of such a series can be shown to be half the 
first term, for 

S = Jmi + i 1(^1 - ?? 2 a) - (m 2 - m 3 ) 

. . . }; 

and the quantity within the bracket {. . is 
negligibly small, since each term is very small 
and the terms are alternately positive and 
negative. 

Thus the amplitude of the disturbance at 
E due to the whole wave is just half that 
due to the first half -period clement ; the effect- 
ive portion of the wave is limited to a small 
area about the point in which it is out by the 
lino joining the eye to the source of light. 
Light travels in, a straight lino from the source 
to the eye. 


Light, Soueoes oip, for microscopy with 
ultra-violet light. Sec “ MEioroscopy with 
Ultra-violet Light,” § (5). 

Suitable for polarimetrio work. See 
“ Polarimotry,” § (16). 

Light, Sotjeoes Useful for Peojbotoes, 
detailed consideration of. See “ Projection 
Apparatus,” § (5). 


IiGOT moM the Sky. See “Scattering of 
Light by Gases,” etc., § (1). 

Light soatteebd by Dust-pebe Air, 
POLAEISATION AND IHTEHSITy OF. See 
“ Scattering of Light by Gases,” etc., § (4). 
Lilienfbld Tube; an X-ray tube of the 
hot-cathode type developed in Germany. 
See “Radiology,” § (14). 

Lime, Use of, dst Glass IMahufaotueb. See 
“ Glass,” § (6). 

Lippioh’s P 0 LAR. 1 SIR: the polarising system 
in use in many important forms of polari- 
meter at present. See “ Polarimetry,” § (6). 
Lissajou’s Figitees : a series of curves ob- 
tained by compounding simple harmonic, 
vibrations used for testing the tuning of some 
simple interval between two forks. See 
“ Sound,” § (63) (v.). 

Log Lute, for measuring ships’ speed. See 
“ Navigation and Navigational Instru- 
ments,” § (16). 

LoNaiTUBB, Definition op. See Surveying 
and SurveyTing Instruments,” § (5). 

Lttmen : the unit of luminous flux. See 
“ Photometry and Illumination,” § (2). 
Ltjmeter : a portable illumination photo- 
meter. See “ Photometry and Illumina- 
tion,” § (62). 

Luminesobnoh oe Luminous Compounds, 
Cause op. See “ Luminous Compounds,” 

§(7). 

Lutminesoent Materials, ITses of. See 
“ Luminous Compounds,” § (8). 
LxrMiNBSOBFT SuBSTAFOES, light emitted by, 
when exposed to a-rays; particularly zinc 
sulphide. See “Luminous Compounds,” § (2). 

LUMINOUS COMPOUNDS 

The discovery of self-luminous compounds 
dates back to the days of alchemy. They 
were originally prepared at Bologna by 
calcining crystals of barium sulphate with 
organic matter such as flour. This operation 
converted the sulphate into the sulphide 
which after exposure to daylight appears 
luminous when placed in the dark. The 
salt was known as “ Bolognian phosphorus ” 
owing to its similarity as regards luminescence 
to phosphorus which was discovered before 
it. Another luminous compound was pre- 
pared by roasting oyster shell with sulphur. 
This yielded calcium sulphide and was known 
as “ Canton’s phosphorus.” This salt was 
greatly improved by Balmain, who found 
that very minute quantities of other substances 
such as bismuth mixed with it added greatly 
to its luminosity. This substance emits a 
bluish light for several hours after exposure 
to light. It was first employed about 1877 
on watch and clock dials, hut was practically 
discarded about twenty years ago, largely 
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for the reason that it was necessary to expose 
the article to light to render the lumiaous 
paint effective. 

§ (1) Radio ACTIVITY. — After the discovery 
of radium and other radioactive substances 
‘it was found that the rays from these sub- 
stances were capable of exciting certain 
materials to the emission of visible light, 
even when those materials were not previously 
exposed to light. Becquerel ^ examined the 
luminescence produced in a number of materials 
when, exposed to the rays from radium. The 
substance to be studied was placed in the form 
of powder above the radium on a thin sheet 
of mica. The following table shows the rela- 
tive intensities of the luminescenoe excited in 
various substances : 



Intensity. 

Substance. 

Without 

Screen. 

With Screen 
of Black 
Paper. 

Hexagonal zinc blende . 

13-36 

0*04 

Barium platino-oyanide 

1-99 

0-06 

Diamond .... 

lU 

0-01 

Double sulphate ofl 
uranium and potassium/ 

1-00 

0-31 

Calcium fluoride . . 

0-30 

0-02 


The values of the intensities given in the 
second column are those when the rays from 
the radium fall on the powder after passing 
through the thin sheet of mica supporting 
the powder. The mica sheet is so thin that 
only a small percentage of the a-rays emitted 
by the radium is absorbed. The intensity 
of the luminescence produced by the rays 
after passing through a sheet of black paper 
in addition to the mica is shown in the last 
column and is in each case given relative to 
that without the screen taken as unity. 
The sheet of paper is sufficiently thick to 
absorb most of the a-rays. It will be observed 
that there is a great diminution in luminosity 
when the rays are passed through the paper, 
which shows that the luminescence produced 
without the screen is mainly due to the 
a-rays. The material which shows the 
greatest ofiect is zinc sulphide — so-called 

Sidot’s hexagonal zinc blende.” This gives 
by far the greatest luminescence of all mate- 
rials hitherto examined when exposed to rays 
from radium. 

§ (2) LTnVflNESOBlJT SUBSTANODS. — The light 
emitted by different materials when exposed 
to a-rays differs very markedly. Zinc sulphide 
preparations have a yellowish - green hue ; 
willemite gives a very bright green hue ; 
calcium tungstate has a bluish-green tint ; 
cadmium phosphate a decided red colour. 
Calciuia sulphide is very similar to willemite, 
1 CoTTOPtes Itendue, 1899, cxxlx. 912. 


hut its phosphorescence is more persistent ; 
calcium salicylate is similar to calcium 
tungstate. 

Some of these substances become luminous 
under the action of X-rays and ultra-violet 
light, but the effect due to these rays gives no 
definite guidance as to the effect to he expected 
when exposed to the rays from radium. For 
instance, the double sulphate of uranium and 
potassium is more luminous than hexagonal 
zinc sulphide under the action of X-rays, 
but the reverse is true of radium rays ; under 
the influence of these rays calcium sulphide 
gives a blue luminescence, but is hardly 
affected by X-rays. Hence substances which 
are very luminescent under the action of 
X-rays do not necessarily produce the brightest 
luminous mixtures when radium is used. 

The luminosity of zinc sulphide, and in fact 
that of all the other responsive salts, depends 
upon the state of its purity. Very pure zinc 
sulphide shows but little luminescence under 
the action of the rays from radium. It re- 
quires a trace of an impurity in it to produce 
the best effect. The luminosity depends upon 
the nature and the amount of this imj)urity 
— ^the colour of tlie luminoscence also changes 
as the impurity is varied. There are therefore 
grades of zinc sulphide, depending upon the 
nature and amount of impurity present, which 
vary greatly in their response to the rays. 

To test the suitability of any given material 
as a base for a lumhn)us compound it is 
necessary either to add radium directly to 
the substance and compare the resulting 
luminosity with that of a good grade of zinc 
sulphide or else to bring the a-rays to play 
on the materials in a manner similar to that 
employed by Becquorol in his original investi- 
gation. The following method of examination 
is due to Viol and Kammer ^ and has been 
found very satisfactory. A plato of jjolonium 
about 20 millimetres in diameter is prepared 
which serves as an intense source of a-rays. 
With a suitable pokmium plato a sui)crlioial 
luminescence can be obtained in zinc 8uli)hido 
equal to that obtained by the addition of 
several hundred microgramnios of radium 
element per gramme of zinc sulphide. By 
holding this plate over two adjacent spocimons 
of zinc sulphide or other material it is possible 
to determine with ease and rapidity the 
relative values of their a-ray luminosconco. 

At present the responsive base most com- 
monly used for luminous compounds is zinc 
sulphide and the luminosities of other 
compounds are usually referred to that of a 
standard grade of this material. 

§ (3) Prepauatton of Ztkc SuLriiiDE Lumi^ 
2TOTJS Compound. — There arc two methodH * 

® Am. HlectrocJiem. fSoc. Trmft., 1917, xxxH. 3R,1. 

® Tho writer is indebted to Mr. F. 11. (IKw for 
details of those methods of preparation. 
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employed of mixing the radium salt with the 
sulphide, which may he called the dry method 
and the wet method respectively. Each of 
these methods has its own advantages, hut 
of the two the latter is the more satisfactory. 

(i.) The I>ry Method , — Suppose it is desired 
to make a luminous compound containing a 
specified amount of radium per gramme of 
compound. A tube of known radium content 
is taken and its contents transferred into a 
well-polished agate mortar. The amount of 
zinc sulphide to be mixed with this quantity 
of radium to make a compound of the required 
strength is weighed out and placed in a watch- 
glass near at hand. When transferring the 
radium from the tube to the mortar it is 
difficult to remove all the salt, as some of it 
adheres to the walls of the tube even though 
the latter is tapped during the operation. 
Most of the remaining salt may, however, 
be removed by putting a little of the zinc 
sulphide into the tube and rubbing it on 
the inside walls by means of a small camel- 
hair brush. Only a very small quantity of 
the sulphide need bo used for this purpose. 
The operation may be repeated five or six 
times so as to ensure that most of the material 
clinging to the walls is removed. Having now 
transferred the radium into the mortar it is 
ground for about twenty minutes into a fine 
powder, A small quantity of ztno sulphide 
is afterwards added, say about 1 gramme, 
and mixed with the radium by means of a 
spatula; no pressure is apphed to the salt 
so as to preserve the zinc sulphide crystals, 
which should bo kept as largo as possible to 
obtain the best results. More sulphide is 
added and again thoroughly mixed with the 
mixture already in the mortar. If the 
quantity of zinc sulphide is not too largo it 
may all bo added little l^y little to the radium, 
stirring constantly and keeping about two 
gi*amincH of sulphide in hand for final washings 
of oaniol-hair brush, spatula, and funnel used 
to transfer the compound from mortar to 
bottle. It is advisable not to fill the bottle too 
full so that the compound may bo well shaken 
in it for final mixing. 

(ii.) The Wet McUiod . — Eor this method it 
is necessary to use a radium salt which is 
soluble in water, the bromide or the chloride 
is suitable for the purpose. A tube containing 
a measured amount of one of those salts is 
taken and its contents dissolved in a known 
volume of distilled water with a trace of 
hydrochloric acid added to ensure that all 
the salt passes into solution. Suppose it is 
necessary to make a certain amount of 
luminous compound of a given strength. A 
volume of the solution containing the required 
amount of radium is measured out and 
placed in a shallow porcelain dish. If the 
vc^liimo of solution is greater than that 


necessary just to moisten the whole mass 
of the zinc sulphide required to make up 
the compound, it is advisable to evaporate 
ofi some of the water. Having reduced the 
volume of the solution the whole of the zinc 
sulphide is slowly added to it until all the 
liquid is absorbed. The dish is now placed 
in a water bath and allowed to remain there 
until the salt is thoroughly dry, occasionally 
lightly stirring the whole mass with a glass 
rod to break up auy lumps that may be 
formed. When quite dry any small lumps 
may he smoothed out on a piece of ground 
glass by moans of a flexible palotto knife of 
gold, platinum, or bone, afterwards mixing 
thoroughly on the ground glass. Very little 
pressure should be used during this process, in 
order to avoid breaking up the zinc sulphide 
crystals. This method ensures that the radium 
is uniformly mixed with the sulphide and in 
this respect is superior to the dry method. 

The dry method of preparation is very 
useful in the case of salts that are insoluble 
or only slightly soluble in water, but the wet 
method is more accurate. Also, whereas a 
given quantity of luminous compound of 
any desired strength can be readily made by 
the latter method, the quantity of compound 
of given strength, which can be made by 
the former method depends upon the amount 
of radium which the tube to hand contains. 

§ (4) ArPLIOATlON 01* THE COMPOUND TO 
Dia-LS, eto. — The radixam compound can be 
applied to dials, etc., by mixing the powder 
with some binding material such as celluloid, 
crystal, or copal varnish. The best method 
of mixing is to place a little heap of the 
compound in the form of p()wder in the 
middle of a watch-glass, and then to add 
a few drops of turpentine to the base of 
tho heap. The turpentine is drawn up by 
capillarity into tho body of tho powder 
driving tho air out in front of it. Varnish 
is then added, tho minimum jioHsiblo quantity 
being used, and tho whole thoroughly mixed 
with tho brush which is finally going to bo 
used for tho application of tho paint. It is 
most readily applied by moans of a flno sable 
brush. In painting a dial, for instance, 
successive coats of tho paint arc applied, 
each coat being allowed to dry thoroughly 
before putting on tho next. It will be soon 
later that tho addition of tho varnish outs 
down tho luminosity of tho powder by about 
76 per cent oven though tho minimum amount 
of varnish bo employed in tho mixing. It is 
important, thoroforo, to keep tho amount of 
varnish as small as possible. If the object 
painted is not protected by a glass cover or 
by some other means, it is advisable to give 
it a iinal coat of varnish for a j)r()teotion. 
When the paint is to bo applied directly to 
silver, iron, brass, or copper, a preliminary 
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coating of zinc white mixed with the varnish 
should be given. It is inadvisable to tise 
white lead for this purpose because zinc 
sulphide reacts with this compound producing 
a dark sulphide which will reduce the lumi- 
nosity of the paint. 

Painted surfaces should not be submitted to 
measurement of luminosity for at least seven 
days after the final coat of 'vamish has 
completely dried. The manipulation of the 
compound in powder and liquid form permits 
the escape of emanation, the presence of 
which enhances the luminous effect ; after a 
time this again accumulates, but it does not 
reach, a state of radioactive equilibrium on 
account of the porosity of the varnish. A 
sufficient amount, however, is held hy the 
varnish to give a very appreciable increase in 
the luminosity after a few days’ time. 

§ (5) Mbasttremiitt or Radium CoNTBisrr. — 
The radium content of a luminous compound is 
usually measured hy one of the y-ray methods 
(see under “Radium”). The compound, after 
being made, is hermetically sealed in a glass 
tube and put aside for about four weeks b^ore 
it is compared with the radium standard. 
During this interval emanation is accumulating 
and this reaches a state of radioactive equi- 
librium with its products in about a month’s 
time. The curve shown in Mg. 1 shows the 



Fia. 1. 

increase of the y-ray activity of a tube of 
radium compound prepared by the dry method 
from the day it was sealed up until it reached 
a state of radioactive equilibrium. The 
amount of radium per gramme of com pound is 
generally small and it requires a few grammes 
of the compound in order to carry out an 
accurate comparison with the standard. On 
this account the y-rays emitted hy the radium 
in the compound have to pass through a 
considerable thickness of material before they 
leave the tube, and the absorption taking 


place has to be corrected for in deducing the 
true radium content from the actual obsorva- 
tions. Suppose that the tube containing tlio 
radium compound is cylindrical. Ixit 1 Ijo 
the measured intensity of the y-ra(liati< »a 
omitted and the intensity if no abHorj)ti< >n 
had taken place. Neglecting the oorrccstioii 
due to the obliquity of the rays it can ho 
readily shown that ^ 
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where /i is the coefficient of absorption <tf 
the rays per contimotro thickness of the 
compound and a> the radius of the tube in (un. 

The values of the constants Cq, (?i, Cg . - • 
are given in the following table : 


Coefficient. 

Value. 

CVwinciont. 

Vaim\ 

Oa 

+ 1-000000 

(.’7 

-(>-(Mfi042 


- 0-84882G 


()-(KK)347 

c. 

+0-500000 


-*(>-0<HMKn 

Ca 

- 0-220354 

<-10 

-1 0-(HMM)12 

C 4 

+ 0-082333 

<11 

-0-(MKMK>2 

O 5 

- 0-025800 

<12 

+ 0-(KKH)00 

Oe 

+0-000044 



The mean value (jf the absorption ooofticitmi 
of the rays in zinc sulphide in the ])<)W(loml 
form may he taken as OdO per cm. Also tlic 
absorption coefficient of the rays in soda gliuw 
is 0-10 per cm., so that we have the following 
table giving the ratio of tho true to the 
apparent or measured radium conttuit ft»r 
tubes of different external diameters : 


External 'Diameter of 
ContainiiiR Tube. 

Cm. 

True (^>nt<‘nt. 
Apparent (^ult•<'nt 

0-5 

1-02 

1-0 

1-04 

1-6 

1-055 

2-0 

l-OJ) 

2-5 

Ml 

3-0 

M3 


§ (6) Luminosity-. — The luminosity of 
radium compound is measured hy the photo- 
metric method.® The luminosity falls off with 
time. This loss of brightness is not due to 
any change in tho radium, because it. tak(»H 
about 1700 years for tho radium to (U*eny to 
half value. Tho cause is to he sotighi for in 
the deterioration of tho zinc Hul|)hi(l(% brought 
about by the continued bombardment of tlw^ 
crystals by the a-partiolos. 

(i.) Rate of Decay of Luminosity of Dry 
Material . — An extensive investigation of the 
^ ^See Owen and Fago, ^£)c. J>ror., 102l,xxxlv. 
* See “ Photometry and Illumination/* g lii5. 
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loss of brilliancy of radium compound has been 
carried out by Paterson, Walsh, and Higgins,^ 
Fiff. 2 is a curve which shows the variation 
with time of the luminosity of a sample 
of compound containing 0*2 mgm, radium 
element per gramme. The same type of 
curve is obtained whether the sample is 
prepared by the dry or by the wet method. 
After attaining its maximum value at the 
end of about 10 to 20 days after mixing 
the luminosity begins to decrease, at first 
very gradually and then more rapidly, until, 
after a period of about six to seven weeks 
from the date of mixing, the rate of decay 
appears to obey an exponential law, that is, 
the ratio of the rate of decay of luminosity 
at any time to the luminosity at that time 
is constant, so that if B is the luminosity at 
any time t, and Bq the initial luminosity, then 
B=Boe“*^, where A is a constant. At the 
end of about 200 days, however, the luminosity 
begins to diminish at a slower rate than that 
to be expected from the above law. This 



Via. 2. 

would indicate that there is an effect super- 
posed on the normal decay operating in the 
reverse direction, which becomes relatively 
more and more impoitant as the luminosity 
becomes smaller. After about 500 days the 
luminosity attains a value which is sensibly 
constant. This ])crio(l, however, is not the 
same for all compounds, as in some the rate of 
decay diminishes more rapidly than in others. 

(ii.') FJJect of Jiadium Content . — The effect of 
the amount of radium present per gramme of 
compound on the rate of decay of luminosity 
is shown in Fig. 3, The curves refer to two 
samples of compound prepared at the same 
time with an identical q[uality of zinc sulphide, 
the one sample (top curve in figure) contain- 
ing twice as much radium per gramme as the 
other. The initial brightness is approximately 
in the direct ratio of the radium content, but 
the rate of decay of compound of smaller 
content is slower, so that the ratio of the 
luminosities of the two samples gradually ap- 
proaches unity as time goes on. Hence if a 
compound is to bo used for a long period of 

^ Phys. See. Proc.y 1017, xxix. 216. 


time, there is very little advantage to be gained, 
except from the point of view of initial bright- 
ness, by increasing the radium content beyond 
a certain value. For short-period use, say 
three to four months, the radium content may 



Time in Days 
Fig. 3. 


be usefully as high as 0-2 milligramme of 
radium element per gramme of compound. 
If the compound is likely to be required 
for more than six months, the use of a 
compoimd containing more than 0-1 milli- 
gramme of radium element per gramme of 
compound can only he justified by the need 
of greater brilUanoy during the early part of 
the life. 

(iii,) Effect of Thickness . — The effect of 
thickness of material on the luminosity is 
shown ^ in Fig. 4. The curves refer to 
a compound containing 0-15 milligramme 
radium element per gramme. When freshly 
made the ratio of the luminosity of a thickness 
of 0-3 mm. of compound to that of a thickness 
of 1*6 mm. is 0-63 (curve A). After an inter- 
val of lOO days (curve B) this ratio increases 



Fig. 4. 

to 0*75, whilst its value after 200 days (curve 
C) reaches 0-82. Hence to obtain maximum 
luminosity it is unnecessary to employ a 
thickness greater than about 0*3 mm. of a 
compound containing 0*15 mgm. radium 
clement per gramme when it is to be used 
over a long period of time. 

An increase in thickness, besides increasing 
up to a certain point the initial brightness, 
also tends to accelerate the decay of luminosity 
— the effect is similar to that of increasing the 

“ Clintou, TUum. Eng., 1918, xi. 200. 
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percentage amount of radium in the composi- 
tion. This can bo explained by the fact that 
in the greater thicknesses the front layers of 
material will receive additional bombard- 
ment from the radium in the deeper layers, 
and will therefore glow brighter, but have a 
shorter Hfe, than if a thinner layer of material 
were used. 

(iv.) Mate of Decay of iMminosity of Var- 
nish Material. — The above results apply to 
luminous compounds in the dry state. When 
mixed with varnish and applied to dials, etc., 
the rate of decay of luminosity is different. 
The results obtained with six metal dials used 
for aeroplane instruments are given in the 
following table : 


Dial. 

Initial 
Lmniaosity 
(per cent of 
Standard). 

Luminoaity 
after Twelve 
Moutlis (per cent 
of Standard). 

Deoay of 
Luminosity' (per 
cent of Initial 
Lmniuosity). 

1 

94 

69 

63 

2 

82 

45 

66 

3 

94 

67 

61 

4 

63 

33 

62 

5 

91 

39 

43 

6 

62 

24 

46 



Average . 

, . 63 


The dials were all ordinary metal dials 
painted with a matt black surface, and having 
the luminous compound laid on in fine lines 
about 0*2 mm. to 0*3 mm. high to mark the 
graduations and figures of the dial. They 
were painted with different samples of lumi- 
nous compound containing 0*2 mgm. radium 
element per gramme. 

The rate of decay of luminosity of the dials 
is noticeably lower than that of the compound 
before application, the half-value period of 
the painted dial being about twelve months, 
whereas that of the dry powder is only 
about five months (see Fig. 2). The initial 
luminosity of the painted dial is also smaller, 
being of the order of ^ or J of that of the 
compound before application. The radium 
content of the varnish material may therefore 
with advantage be higher than that of the 
dry material. For short-period use it may be 
advantageous for some purposes to use varnish 
material containing as much as 0*3 mgm. or 
0*4 mgm. radium element per gramme, but 
for long-period use the most suitable radium 
content is 0*2 mgm. per gramme, and maxi- 
mum luminosity may be obtained by using 
one gramme of compound to paint an area of 
about 30 square centimetres.^ It is important 
that the interval between the preparation of 
the compound in the dry state and its appli- 
cation to the dial should be as short as 
possible, as the deterioration in luminosity 
takes place from twice to three times as 
‘ See Glew, Soc, Trains.^ 1916, xvi. 276. , 


rapidly in the powder as in the painted 
dial. These differences between the dry and 
varnish compounds are due to the fact that 
the varnish impedes the activity of the a-ray 
bombardment from the radium and thereby 
causes an effective lowering of tho radium 
content of the compound with a subsequent 
reduction of both the initial luminosity and 
also the rate of decay. 

§ (7) C^lItse of L-uminesoenoe of Luminous 
Compounds. — ^Marsden ® studied the effect of 
continued bombardment of a-particlos on a 
screen of zone sulphide and found that the 
actual number of scintillations produced by 
a constant source of a-particles changes very 
little with time of exposure, but that the 
brightness of the scintillations rapidly dimin- 
ishes. Pure zinc sulphide does not exhibit 
the scintillation effect, but a salt containing 
an amount of impurity of the order of 1 per 
cent does. Assuming then that the scintilla- 
tions are due to the presence of this impurity, 
only a small fraction of the total number of 
molecules are concerned in the effect. Ruther- 
ford ® explained the scintillation effect by 
assuming that the impurity causes tho 
presence of a number of “ active centres ” 
in the salt which are on the average uniformly 
distributed among the inactive molecules. 
When an a-partiole strikes an active centre 
the latter is dissociated and emits light, but 
it is no longer effective in producing light when 
struck again by an a-particle. Tho effect of 
the continued bombardment by a-particles is 
thus to destroy gradually tho active centres. 
Since probably many thousands of those 
centres initially lie in the jjath of tho a-partdclo 
the effect of a continued bombardment will 
not cause an appreciable diminution in the 
number of sointilJations, but it will diminish 
their intensities, for the intensity of a scintilla- 
tion on th .0 average will be proportional to the 
number of active centres remaining. These 
conclusions agree -with the oxi)eriinontal 
results of Marsden. The theory in its simple 
form fails, however, to represent exactly all 
the facts which later experiments have brought 
to light. Tor instance, Paterson, Walsh, and 
Higgins {he. cit.) found that tho luminosity 
of a luminous compound at first rises rapidly 
to a maximum and then decreases according 
to an exponential law for ab(jut 200 days. 
After that time tho rate of decrease of lumi- 
nosity becomes slower and slower, tho bright- 
ness tending to approach a limiting value 
which is not zero. Rutherford’s theory gives 
a good approximation for the early period of 
decay, but fails increasingly at the later period. 
The theory has heen extended by Walsh,* 
who assumes that the active centres which 
have heen struck by a-particles, and according 


“ Roy. /Soc. Proc. A, 1010, Ixxxlv. 5+8. 

Ibid., 1910, Ixxxiv. 561. * Ibid., 1017, xclii. 650. 
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to Rutherford’s theory are put completely 
out of action from the point of view of lumines- 
cence, commence to recover according to an 
exponential law. With this modification the 
theory represents the observed facts much 
more accurately. 

§ (8) Uses or Luminescent Materials. — 
Daylight luminous paints can only be used 
in exposed situations so that daylight can 
freely bo absorbed to be given out again at 
night. Some use has been made of this class 
of luminous paint in sliipping — ^luminous life 
belts are employed which may he clearly seen 
at night when thrown into the water ; floating 
buoys can also be distinguished at night. 

Much more use can be made, however, of 
luminous paints which are independent of 
daylight. Paper, porcelain and metals, dials 
of all sorts bearing figures and lines, are now 
used. In the case of some instruments, snob 
as those used in aeroplanes, the requirements 
of luminosity are most important and outweigh 
other considerations as to cost and length of 
effective life. For such purposes grades of 
luminous paint are prepared which give the 
highest initial brightness. These have a 
high radium content and consequently a short 
effective life. For many other purposes such 
as that of illuminating marching compasses, 
dials of wrist watches, etc., a paint of lower 
initial luminosity is prepared, and this has the 
advantage of a lower cost and a longer life. 
For watches, push buttons, etc., of the better 
grade an efieotivo life of ten years or more 
is desirable, and assuming that a luminosity 
of 25 per cent of the original is still satisfactory, 
a luminous paint containing about 100 micro- 
grammes of radium element per gramme of 
compound should answer the requirement. 
Compounds with more radium than this would 
have a shorter effective life, and compounds 


with a smaller proportion of radium a longer 
effective life. 

During the war much use was made of 
radium luminous compound in the dry 
powder form for gun-sights, to facilitate accu- 
rate night-firing. For this purpose the powder 
was sealed up in small flat glass tubes, their 
iutemal bore from back to front not exceeding 
about 0-4 mm., their other dimensions de- 
pending upon the class of instrument to which 
they were attached. For illuminating at 
night the cross wires of telescopic gun-sights 
attached to big guns, the powder was placed 
in glass tubes of about 0*6 mm. bore bent 
into circular forms to fit the metal tube of the 
gun-sight and situated near the plane of the 
cross wires. This device did away with the 
necessity of having glow-lamps for iUumitiating 
purposes with the attendant risk of detection 
by the enemy. h. a. o. 

Luminoits Paint (Radiitm), Photometry of. 

See “ Photometry and Illumination,” § (125). 
Luminous Power (or Intensity) : a source 
of light. See “ Photometry and Illumina- 
tion,” § (2). 

Lummbb-Beodhun Photomiteb : one of the 
most sensitive types of photometer head. 
See “ Photometry and Illumination,” § (18). 
Lummer-Beodrutn Spboteophotombtbe. See 
“ Spectrophotometry,” § (12). 
Lxmmer-Kurlbaum Standard : an incan- 
descence standard of light. See “ Photo- 
metry and Illumination,” § (10). 

Lux : the unit of illumination ; another name 
for the metre-candle. See “ Photometry 
and Illumination,” § (2). 

Luxometbe : a portable illumiaation photo- 
meter. See “Photometry and Illumina- 
tion,” § (61). 


M 


M Series ; a group of spectrum linos in the 
characstoristic X-rays omitted by an element. 
Sec “ Radiology,” § (17). 

Maddox Set of Rods or Grooves : an effect- 
ive apparatus for distorting one of the 
two images of an object soon by a subject’s 
two eyes, so tliat the brain no longer 
attempts to associate it with the other 
imago ; this is the first stop in the use of 
a phoromotcr. See “ Ophthalmic Optical 
Apparatus,” § (3). 

Magnesia, Use op, in Glass Manupaoture. 
See “ Glass,” § (9). 

Magnetic Compass, description. See “ Navi- 
gation and Navigational Instruments,” 
§( 0 ). 

Mathematical theory. See ibid , § (10). 


MAGNETIC ROTATORY POWER 

§ (1) Faraday’s Experiments.— The pheno- 
menon of magnetic rotation of the plane of 
polarisation of light was discovered by Faraday 
in 1846, and described by him in a paper " On 
the Magnetisation of Light.” ^ A ray of 
light issuing from an Argand lamp was 
polarised in a horizontal plane by reflection 
from a surface of glass, and the polarised ray 
passed through a Niool’s eyepiece revolving 
on a horizontal axis. Between the polarising 
mirror and the eyepiece two powerful electro- 
magnetic poles were arranged; they were 
separated from each other by about 2 inches 
in the direction of the line of the ray, which 
passed either by the side of them or between 
» JPkU . Trans ., 1846, p. 1. 
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them in such a way that the ray was nearly 
parallel to the magnetic lines of force. A 
piece of dense optical glass (horosilioate of 
lead), which he had described in 
1830, about 2 inches square and 0*5 
inch thioh, was placed lengthways 
between the poles. The eyepiece 
was turned to extinguish the polar- 
ised ray, but this was transmitted 
again when the current was passed 
through the electromagnet. The 
image of the lamp flame was, how- 
ever, extinguished again by rotat- 
ing the eyepiece to the right or to 
the left according to the direction 
of the current in the electromagnet. 

The rotation was found to be pro- 
portional to the intensity of the 
magnetic force and to the length of 
the column of glass exposed to it. 

Smaller rotations were produced by 
other glasses, by some crystals, by 
water, alcohol, ether, various oils, 
and a large range of aqueous solu- 
tions, but no action was detected 
in the case of gases. When the 
medium possessed a natural rotatory 
power, the magnetic rotations 
were superposed upon (i.e. added 
to or subtracted from) the natural rotations. 

§(2) Apparatus and Methods oeMbasxtrb- 

MBNT. — The type of apparatus used for 



Fig. 1. 


measurements of magnetic rotatory power is 
shown in Fig^s, 1 and 2, whilst the electrical 
connections are shown in Fig. 3.^ 

1 Tmns. Chem. Soe., 1913, ciii. 1322 aud 1331. 


A coil of insulated copper wire A is wound 
in the form of a bobbin on a brass tube pro- 
vided with a thin lining of cold water to 


protect the material under examination from 
the heat of the magnet. The coil is enclosed 
by iron (or mild steel) end-piecos and a length 
of iron pip© ; and movable polo-piooos are 
provided to lead the Unes of force to the axis 
of the magnet. The inagnot is mounted on 
rails, BB, so that it can be rolled away from 
the axis of the polarimetor, and wedges CC 
are provided for bringing the axis of the 
magnet into line with the axis of the polari- 
meter. 

The substance to be examined (usually a 
liquid) is enclosed in a double water-jacket, 
connected to a thermostat. A oorroc^tion 
must be applied for the disos at the end of the 
tube, since these produce a magnetic rotation 
of light ; this correction is usually deter- 
mined by introducing half-a-doKon clises to- 
gether, and calculating the effect for a singles 
disc ; a group of discs, or a short rod of glass, 
may also be used to explore tho strongtli of 
the magnetic field along tho axis. In view of 
the variations which are usually found, it is 
convenient to standardise tho apparatus by 
maHng measurements of tho magnoti(^ rota- 
tion produced by a tube of water, and using 
this as a basis of comparison for other liquids. 

As the resistance of the magnet inoroasoH 
with rising temperature, a series of rosistaucos 
is provided (Fig. 3) which can bo cut out as 
the magnet becomes hot. Casual variations 
in the voltage on the mains are compenBatod 
by a sliding resistance and a carbon resistance, 
the constancy of the current being chocked by 
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a null rnothod, os shown in Fi^, 3. Measure- 
ments are made with the current in each 
direction, the normal value of the readings 



in the apparatus shown being about ±6®, or 
10° in all- 

in calculating the molecular magnetic rota- 
tion of a liquid, the formula generally used is 

MoL rot. =’■- 

d rfo ’ 

where r and are the observed rotations for 
the substance and for water, M and M(, are 
their molecular weights, and d, d^ their 
densities. ^ 

§ (3) loLUBNOB or TUB Medittm. — The 
molooular rotations of a large number of 
compounds have been investigated, especially 
by Sir William Perkin.^ Phe main result of 
those roBoarchos, which need not be described 
in detail, is to show that the molecular magnetic 
rotatory jiowor of a substance is essentially 
an additive property, made up of the sum of 
the atomic rotations of the constituent atoms. 
Plus property is therefore closely analogous 
to the molecular rejrmtion of a compound, but 
dilfors from it in that the influence of chemical 
constitution is more pronounced. Measure- 
ments of magnetic rotatory power can, there- 
fore, 1)0 used to throw light on the constitution 
of compounds of doubtful molecular structure, 
c,g. in oases of dynamic isomerism, where 
onlinary chemical methods arc not available. 

§ (4) Relation ubtween RKFiiACTroN and 
MAONETto Rotation. — Orudo ^ has deduced 
the following relationship. If the refractive 
index n can bo represented with sufficient 
accuracy by the equation 


^ PorWn, Tram. (Ui<m. Son., 180(J, p. lOOO. 

“ Trans. Vhmi. 1884, i>. 421 : 1886. pp. 205, 
317, and 777 ; 1H87. pi). H«2 and 808 ; 1888, pp. 501 
an(l6<)r>; 1884), p. 080 ; 1801, p. 081 ; 1802, p. 800 ; 
1803, DP. 57 luicl 488 ; 1804, pp. 20, 402, and 815 ; 
1805, p.2r>5; 180(1, p. 1025; U)()2. pp. 177 and 202; 
11)05, p. 1401 ; i0()«, pp. 33, 008, and 849; 1907, 
p. 8()(i. 

® Theorv of Optics , 1 1)07, ch. vii. i). 431). 


then the magnetic rotation can be represented 
by the formula 




b'\^ \ 


This formula was tested with satisfactory 
results in the case of carbon disulphide aad 
of creosote (sic), but in Tiew of the slender 
character of the data used for the test, and 
the fact that two arbitrary constants, a' and 
y, are available for adjustment, in addition 
to the three constants a, h, and X, used to 
express the refractive power, the value of this 
formula does not appear to be very great. 

§ (5) Natural and Magnetic Rotatory 
Dispersion. — Six years after Faraday had 
discovered the “magnetisation of light,” 
Wiedemann ^ made comparative measure- 
ments of the natural and magnetic rotations 
in turpentine for five wave-lengths in the 
solar spectrum, and concluded that the two 
rotations were proportional throughout the 
spectrum. This relation, which is generally 
known as W iedemann^ s Law, has been verified 
in the case of quartz ® and of sodium chlorate,® 
and is perhaps generally true for optically 
active crystals. In the case of optically 
active liquids, however,’ it generally fails, 
and the approximate agreement between the 
magnitude of the two dispersions, which is 
occasionally observed, is probably only a 
ooinoidence.^ It is, however, important to 
notice that the simple dispersion formula 

* 


which servos to express the natural rotatory 
dispersion in a wide range of compomds, can 
be used equally well for magnetic rotatory 
dispersions, although its validity cannot be 
subjected to the same drastic tests, on account 
of the small magnitude of the readings which 
are usually obtained. Until more exact 
measurements are available, this simple two- 
constant formula may bo^ used to represent 
the data’ for magnetic rotatory dispersion, in 
preference to Dmdo’s formula, which involves 
five constants and demands a knowledge also 
of the refractive dispersion of the compound. 

T. m:. l. 


Magniixoation Methods of determining 
Focal Lengths. Seo “ Objectives, Testing 
of Compound,” § (2) (iii.). 

Mandolin : a musical instrument of four 
double strings which arc plucked with a 
plectrum and stopped with the left hand 
upon the fingerboard. Seo “ Sound,” § (27). 

* Pom. Ann. T>hvs. Chem., 1851, li. 82, 231. 

® Lowy, Phil Trans., 1012, A, ocxli. 296. 

® ,T. Dahlcn, Zciischr. wiss. Phot, 1015, xiv. 316. 

’ Lovry, Pickard, and Kenyon, Trms. Ohm,. Soc., 
1914. ov. 96. 
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MiAisfGiisr Mirror, for headlights. See Pro- 
jection Apparatus,” § (10). 

For searchlights. See ibid. § (12). 

For sigualling lamps. See ibid. § (11). 

Mijp Projections. See “ Surreying and 
Surveying Instruments,” § (8). 

Mi^RTENS iLIiimiNATION PHOTOMBrEE. See 

“ Photometry and lUumination,” § (60). 

Martens Polarisation Photometer. See 
“ Photometry and Elumination,” § (30). 

Martens (Konio-) Spectrophotometer. See 
Spectrophotometry,” § (12). 

Mass, Absorption Coeppioient : a constant in 
X-ray measurements obtained by dividing 
the absorption- coefficient of an absorbing 
material by its density. See “ Eadiology,” 
§ (17). 

Matthews-Dyke Photometer : a photo- 
meter for the determination of average 
candle-power. See “Photometry and Il- 
lumination,’’ § (44). 

Matt Sureaob : one in which specular reflec- 
tion is absent or very slight. See “ Photo- 
metry and Illumination,” § (51). 

Maxwell’s Colour-box : an apparatus for 
determining the data req^uired to specify 
colours in terms of throe primary colours. 
See “ Eye,” § (10) 

Mean Horizontal Candle-power. See 
“ Photometry and Illumination,” §§ (2) and 
(38). 

Mean Spherical Candle - power See 
“ Photometry and Illumination,” § (2) and 
§ (42) seq. 

Mean-tone Temperament : a particular 
musical temperament which uses one size 
of tone only, but makes it the mean of the 
large and small tones required by the just 
intonation. See “ Sound,” § (6) (ii.). 

Melting oe G-lass, Process of. See “ Grlass,” 
§ (15). 

MBSOTHORimi, methods of detection of 
presence of, in radium oompourids. See 
“ Eadium,” § (9) (iv.). 

Mbtre-oandle : the metric unit of illumina- 
tion, being the amount of light falling on a 
square centimetre placed in a direction 
normal to the light at a distance of one 
metre from a source of one candle-power. 
See “ Photometry and Elumination,” § (2). 

Mioa, Eeeeot op a- RAWS on. See “Radio- 
activity,” § (16). 

Mighelson’s absolute measurement of a light- 
wave by the interferometer method; by 
determining the number of waves of three 
radiations from cadmium vapour which 
were equal in length to the standard metre. 
See “ Wave-lengths, the Measurement of,” 
§(3). 


Mjohblson’s Interferometer. Twyman’s 
modification for testing optical instruments. 
See “ Interferometer, Technical Applica- 
tions,” § (5). 

Micrometer Microscopes. See “ Divided 
Circles,” § (13). 

Micro-polaeimeter : a polarimeter designed 
to mesisure the optical rotation of substances 
that can only be obtained in small q[uantities. 
See “ Polarimetry,” § (15) (i.). 

Microscope. Applications to curvature 
measurements. See “ Spherometry,” § (8). 


MICROSCOPE, OPTICS OF THE 
I. Introduction 

The compound microscope consists of an ob- 
jective which forms an inverted real imago of 
the object under observation, and of an eye- 
piece by which the primary imago is further 
magnified and either presented to the oyo of 
the observer as an inverted virtual image, or 
projected upon a screen or photographic plate 
as an erect real image. 

As the instrument can be usefully employed 
only within that part of its field for which the 
aberrations are sufdciontly well corrootod, the 
effects produced may bo legitimately discussed 
with the aid of the first approximation theory 
of Gauss and Abbe ; for as all the rays from 
any one object-point must pass very nearly 
through the conjugate image-points, the latter 
may be definitely located by the intersection 
of any two suitably selected rays starting from 
the object-point, and any one single ray traced 
from the object-point must bo a geometrical 
locus of the image. 

Referring to the accompanying diagram 
which represents an object 00^ obsorvod 



through an objective of which only the outside 
surfaces are indicated, and through an oyo piece 
of the usual Huygenian typo, it is assumed that 
the instrument has been focussed so that the 
rays from the axial objoot-point O, if not inter- 
cepted, would produce a primary imago at 
the first or anterior principal focus of the eye- 
piece, and that the further refraction of these 
rays by the eyepiece lenses would therefore 
lead to their emergence from the eyc-lons as a 
bundle of parallel rays which would bo inter- 
preted by the observer as coming from a very 
distant virtual image-point. To determine the 
image of the extra-axial object-point a ray 
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starting from this point in a direction parallel 
to tho axis of the instrunnent is selected. By 
tho general theory of lenses referred to, such 
a ray will emerge from the objectiv’e as if it 
had proceeded without deviation to the second 
or npper principal plane P'^ of the objective 
and had there been bent so as to go through 
the second or upper focal point of the 
objective, the axial distance from to 
representing the equivalent focal length of 
the objective. This ray represents a geo- 
metrical locus of the image, and as a perfect 
ohj octive would give an image at right angles 
to tho optical axis of the similarly orientated 
object 00 jL, must bo the primary image, 

and similar triangles with a common comer 
at F'o at once give its magnification as 


mo= - 


nr, 

fo ' 


(a) 


tho minus sign being added in accordance with 
convention because the image is inverted. 

F'gF^, which is thus disclosed as a very 
important dimension, is known as the “ optical 
tubo-longth ” of the microscope, to distinguish 
it from tho usually not very different “ mechan- 
ical tube-length,” which is measured from 
tho lower to the upper extremity of the actual 
metal tube of tho instrument. 

Equation (a) supplies the moans of deter- 
mining the equivalent focal len^h f'^, and as 
this is one of the chief characteristics of an 
objective, the method must be briefly described. 
The actual sizso of the primary image can 
obviously be road off if tho image is received 
direcUy oa a divided scale or “ eyepiece micro- 
motor.” If such a micrometer, of Ramsdon 
form, is available, it can be used as it is. 
Usually, however, microscopes have only Huy- 
genian eyepieces and a simple glass-disc micro- 
motor wliicih can he laid upon tho internal 
field-diaphragm of any of these. In such a 
case tho field -Ions of tho cyopioco to bo em- 
ployed mi8t be removed ; this will reduce tho 
field and will cause a groat loss of sharpness 
in tho extra axial images, hut this must bo 
put iqi with, ivs tho field- lens, if loft in position, 
would greatly rocluoo tho size of tho primary 
imago and would thoroforo utterly falsify tho 
results. ‘By observing a “stage micrometer ” 
divided in tho name unit of length as tho oyc- 
pioco mieromotor, may then bo measured 
at any extension of tho draw-tubo. A first 
mcaanromont should be made with tho draw- 
tube oomplotoly pushed in ; lot tho result bo 




A 


The right side of this equation contains two 
unknown quantities and cannot therefore be 
solved for fV But if now a second measure- 
ment of Mo is made with extended tube-length, 
will obviously be inoroosod by tho 


amount of the extension. D which can ho 
measured by an ordinary scale, and a second 
equation will be obtained, 


Mo(2;= - 


r'oF,-fD 

r. ’ 


and combination of this (by subtraction.) with 
the equation for gives at once 

r- P 


When the equivalent focal length is thus de- 
termined, the location of F'^ may be ascer- 
tained by measuring directly the location of 
the eyepiece micrometer with reference to the 
upper end of the tube, and by calculating 
from the equation of the first observation. 

The location of the upper focal plane with 
reference to the lower end of the tube varies 
considerably in different obj eotives, especially 
in those of low power. This explains why 
objectives of the same equivalent focal length 
may give decidedly different magnifications 
when exchanged on the same mechanical tube- 
length. Opticians frequently misstate the focal 
length of low-power objectives deUberately in 
order to make the magnification produced by 
thorn agree with what is traditionally expected 
from given focal lengths. There is also a 
traditional custom of assigning to ordinary 
objectives of high power a longer focal length 
than they really possess — a nominal ^ inch 
being usually a inch ; disagreements up 
to 20 per cent between the directly measured 
and the stated focal length need not therefore 
be taken as indicative of errors in the measure- 
ments. 

The eyepiece magnifies the primary image 
just as an ordinary magnifying glass magnifies 
a real object, and M^, may therefore bo taken as 
equal to the quotient of tho adopted distance of 
distinct vision (conventionally 250 mm. or 10 
inches) by tho equivalent focal length of the 
eyepiece ; may bo determined by the method 
already dosoribod by temporarily attaching the 
cyopioco to tho h^wor end of the microscope 
tube, or any of tho usual optical bench methods 
may bo used. Tho total magnification of the 
instrument will then bo Tho 

total magnification may bo determined directly 
by projootiug the imago of a stage micrometer 
upon a scale at the conventional distance of 
distinct vision from the eyepiece, or more 
strictly from the bright disc of fight (“ Rams- 
den ciirolc ”) soon a little above the eye-lens ; 
this may bo done visually by looking with one 
eye at tho image of tho stage micrometer and 
projecting tho latter by binocular vision upou 
a scale hold at the conventional distance from 
the other eye, or a real imago of the stage 
micrometer may be projected upon a whi'to 
surface and measured. A very clever simpli- 
fication of this process is due to Mr. E. M. 
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N’elson ; it consists in determining once for all 
the apparent diameter of the field-stop of each 
eyepiece when projected at the distance of 
distinct vision by one of the methods already 
referred to. The total magnification of any 
objective at any tube-length is then obtainable 
by a single observation by noting how many 
divisions of a stage micrometer are embraced 
by the field of the eyepiece in use. Thus, 
supposing that the actual diameter of the field 
of the eyepiece had been, found as 162 mm. at 
the conventional distance of 260 mm., and 
that a certain optical combination was found 
to cover the diameter of this field with -257 mm. 
of a stage micrometer, the total magnification 
would be 

M = - 631 times. 

As owing to the very sensible distortion of 
all eyepieces the magnification is not a very 
accurately defined number, this process is 
amply sufficient and is certainly by far the 
most convenient. 

Abbe preferred a totally different way of 
viewing the magnifying action of the com- 
pound microscope. Referring to the ray traced 
in the diagram from the extra-arial object- 
point Oi, it is obvious that if the eye were 
placed at the objective would act as an 
ordinary magnifying glass (provided the focus 
be slightly adjusted) and present the object 
under an angle Uj,. Therefore Abbe called 
the ratio of the distance of distinct vision to 
the equivalent focal length of the objective 
the “initial magnifying power” of the ob- 
jective and used this number as a constant 
of the objective. Following the ray from Oj 
further, it is seen that it emerges from the 
eyepiece at an angle U'j, with the axis there- 
fore the object is seen through the whole 
microscope under this increased angle, and 
looking upon this increase of the angular 
subtense of the image as the characteristic 
function of the eyepiece, Abbe called the ratio 
tan U'j,/tan XJj, the “ angular magnification of 
the eyepiece” and determined the total magnifi- 
cation as the product of the initial magnification 
of the objective and of the angular magnifica- 
tion of the eyepiece. If the numbers are 
correctly determined, the resulting magnifica- 
tion is necessarily the same as that found by 
the older and more familiar method. The 
data supplied with the Zeiss apochromatic ob- 
jectives and their compensating eyepieces are 
based on this system, which has been copied by 
other makers of lens systems of these types. 

On the older and preferable system the 
change of magnification due to change of 
tube-length is attributed to the objective ; on 
the Abbe system it falls upon the eyepiece, 
the 12-times compensating eyepiece for the 
Continental tube-length being, for example. 


optically identical with the 18-timcs eyepiece 
for the English tube. 

, The Gauss theory of lenses may bo applied 
to the microscope as a whole by tracing parallel 
bundles of rays in both directions through the 
entire instrument and so locating its prinoii^al 
planes and focal planes. The compound 
microscope is then found to bo equivalent to 
a concave lens of very short focal length, and 
this aspect supplies the simplest solution of 
the problem of visual depth of focus. By the 
Gauss theory a lens must have an equivalent 
focal length f— - L/M in order to produce a 
magnification of M times at a distance L from 
its second focal plane, andotho object must 
be placed at a distance I =/7^ f rt)m its first 
or anterior focal plane, in order to yield a 
sharp image. Elimination of /' from the two 
equations gives I = - L/M®. If L is put as the 
conventional least distance of distinct visiem 
to which the usual magnification numbers 
are referred, i.e. L=— 260 mm., the distance 
of the object from the first focal piano must 
be 1= - 250/M®. The normal eye can bo 
accommodated for any distance up to infinity, 
and can therefore see objects m tlio first focal 
plane of the complete microscope. Therefore 
I represents the total range of distance of the 
object accessible to a normal oyo without 
change of focal adjustment of the instrument. 
The depth of focus (as it is usually oallod) duo 
to accommodation of tho oyo is thexoforo 
=260/M®, or 

at magnification 10; depth of focus 2-6 mm., 
at magnification 100: depth of focnis *025 mrn., 
at magnification lOOO : depth of focus -00025 
mm. 

At high magnifications tho depth of focus is 
thus shown to be an ovanescout (juantity, and 
the extremely high demands by microscopists 
as to delicacy and reliability of tho lino adjust- 
ment of the focus is fully justiliod. It should 
be added that if tho object is oinboddccl in a 
medium denser than air tho dojith of f()ciiH is 
increased in direct proportion to tho rcfracslivo 
index of the medium. A second ])art of 
focal range of optical instrumonts, duo to tho 
finite wave-length of light, will bo referrod to 
subsequently. It is not sulliciontly larger to 
modify seriously tho roquiroments as to <leli<jate 
focal adjustment. On the other han<l. it re- 
presents the only available latitudes of focal 
adjustment when tho mieroHCopic imago is 
projected upon a serocn or upon a photographic 
plate. 

Tho most important property of a mion)- 
scope is its resolving power. Tlu' naked normal 
eye can see small objects, such as ])ointH or 
parallel lines when separated by a distances 
from centre to centre of about -1 mm. The 
microscope greatly diminishes this least dis- 
tance, and- it soon became a matter of groat 
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interest to define this increased resolving power, 
to discover the laws on which it depends, and 
to ascertain whether there is any definite limit 
to it. The most obvious conclusion from, geo- 
metrical optics that this ought to be a mere 
question of magnifying delicate detail up to 
the size which the normal eye can appreciate 
was soon realised as being quite wrong. It 
was found that any given optical combination 
yielded additional detail only up to a certain 
moderate magnifying power, beyond which the 
image became coarser or more fuzzy, without 
disclosing any additional detail. Carefully 
conducted experiments then led to the con- 
clusion that the resolving power of well- 
corrected microscope objectives grew very 
nearly in direct proportion to the angle between 
the extreme marginal rays which could enter 
an objective from any one object-point, and 
this angle (twice the angle XJ in the diagram) 
therefore became the recognised criterion of 
resolving power, and was adhered to until 
about 1873. In that year Ahhe published 
the first short account of his researches on 
microscopic vision, which were based on the 
diffraction of light produced by the delicate 
structure of microscopic objects. ‘ Ho proved 
that the resolving power is strictly proportional 
to the Mne of half the angle which up to then 
had been accepted as the criterion, but is 
further proportional to the refractive index of 
the moefium in which that angle is measured. 
He introduced the now universally accepted 
term “ Numerical Aperture ” for the true 
measure of resolving power thus discovered 
and gave it the symbol NA, which is therefor© 
defined by 

NA=:N,smU, 

i£ U is the angle of the most oblique ray which 
can enter the microscope objective and N the 
index of the medium in which the angle is 
measured. Abbe also introduced a convenient 
direct-reading instrument, the “ Apertometer,” 
by which the numerical aperture can be deter- 
mined. ■ In the case of “ dry ” objectives, 
i.e. those in which a layer of air intervenes 
between the object and the front lens, the 
NA may bo accurately determined without 
any instrument by placing the tube of the 
microscope in a horizontal position, setting 
up two candles at a distance of about 60 cm. 
from the objective and moving them at right 
angles with the optical axis until the images 
■ of the flames are on the point of disappearing 
at opposite edges of the clear aperture of the 
objective under test as seen by the eye looking 
down the tube of t he microscope, The triangle 
formed by the two flames and the focal point 
of the objective then obviously has the angle 
2tr at the latter point, and U can be calculated 
by measuring the sides of the triangle. 

The resolving power resulting from the Abbe 


theory for regularly spaced lines or rows of 
dots is expressed by the formula 

J- wave-length 
NA ’ 

in which A is the centre-to-centre distance of 
the lines or rows of dots and the wave-length 
is the nsual tabulated one, measured in air. 
As NA = N . sin U, and as sin IT cannot exceed 
unity, the formula shows at once that the only 
possibilities for increasing resolving power 
beyond that usually realised lie in either the 
use of light of very short wave-length (ultra- 
violet), or in embedding the object in a medium 
of the highest possible refractive iudex and 
designing the objective so as to admit the 
widest possible cone of rays in the embedding 
medium. Both possibilities have been ex- 
plored by Zeiss, the first by microscopes con- 
taining only quartz and fluorspar lenses and 
working with nearly monochromatic ultra- 
violet light, the second by a few immersion 
objectives using monobromide of naphthalene 
(N = 1'65) as immersion and embedding 
medium. 

n. Optical HBsian or Miorosoopb 
Objectives 

§ (1) Historical Notes.— Although John 
DoUond had discovered in 1757 how chroma- 
tically and spherically corrected telescope 
object-glasses can be produced by combining 
suitably curved crown and flint -lenses, 
opticians did not succeed in usefully applying 
this principle to the small lenses required for 
the microscope until some fifty years later. 
The early small achromatic lenses were 
invariably composed of a nearly equioonvex 
crown lens and a nearly plano-concave flint 
lens and were at first not cemented together. 
Although the microscopic object is always 
located at the shorter conjugate distance, the 
telescopic* practice of txinung the convex side 
of an achromatic lens towards the object was 
mechanically copied, with the result that even 
the Okchiomatised lens had to be severely 
stopped down in order to reduce spherical 
aberration and coma to tolerable magnitude. 
Charles Chevalier of Paris first pointed out 
the absurdity of, this procedure, and a very 
considerable advance immedia^ly followed 
the simple reversal of the lens. He also was 
on© of the first opticians who cemented the 
two cemponents together and thus greatly 
reduced the difdoulty of both makmg and 
mounting the lenses with sufficient precision. 
A further extension of the power of microscope 
objectives was secured by plaeiag several 
S,ohromatic lenses one behind the other, but 
without any definite principle as to relative 
power and separation of the components. 

A most important advance in this respect 
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is due to a KigMy gifted English amateur, 
J. J. Lister (father of the late Lord Lister), 
who discovered in 1830 that every achromatic 
lens of the externally plano-convex form, 
■which at that time was exclusively used for 
microscope ohjeetives, has two pairs of con- 
jugate points for which it is free from spherical 
aberration. Purely by wonderfully accurate 
experimental trials on the microscope he 
located one of these pairs of “ aplanatio points ” 
as realised when the lens produces a real 
inverted image of some definite magnification. 
Having adjusted the instrument for the ■ 
corresponding tube-length he then tried 
another lens of the same type placed at various 
distances in front of the first (between it and 
the object), and found that a distance could 
he found at which complete freedom from 
spherical aberration of the combination was 
again secured. Obviously the front lens then 
produced a sharp and erect virtual image of 
the object at the first aplanatio point of the 
hack lens. The doublets produced in this 
way not only had the advantage of freedom 
from spherical aberration at a much larger 
aperture than had previously been found 
attainable, hut could also he freed from coma 
in the outer part of the field by selecting a 
suitable ratio between the focal lengths of the 
components, and the field was very much 
flatter than with the close combinations 
previously used. The type originated by 
Lister is in fact so excellent that it is almost 
exclusively used to this day for the lower 
powers of the microscope ; it must, however, 
be added that the freedom from spherical 
aberration of the two separated components 
is no longer adhered to, for it has been found 
that still better results, especially as regards 
the higher aberrations, are obtainable by com- 
bining a spherically under-corrected back lens 
with an over-corrected front lens. The Lister 
principle admits of repeated application, for 
a third lens may obviously he placed in front 
of a doublet so as to increase the magnification 
still further, and such triplets were very soon 
constructed under Lister’s advice. 

These triplets, however, have not survived. 
When the Lister type of doublet is found 
insufficient, which happens when the numerical 
aperture approaches the modest value of -3, 
the optician now adopts a type originated 
by Amici, consisting of two over-correcbed 
cemen'bed back lenses and a simple thick 
plano-convex front le'us. "Whilst actually 
simpler than the Lister triplets, this type 
offers far superior possibilities of good correc- 
tion of all the important aberrations and 
allows of raising the numerical aperture to 
•8 or even *85, which corresponds to the 
admission of a cone of rays from any one 
point of the object of an angular extent of 
106° to 116°. The vast majority of ordi'nary ^ 


high-power microscope objectives corrospoud 
to this Amici type, with occasional modifica- 
tions such as a triple cemented back lens 
instead of the more usual binary form. 

The final steps in the perfecting of the 
microscope ohjectivo are almost entirely due 
■fco Abbe, who was the fii’st to apply rigorous 
computing methods to the problem. 

§ (2) Ray-tea-Oing Mkthods jtor Mkjro- 
scopE Objectives, (i.) Fundumentnl Formula. 
— ^The angles of inoidenoo and of ol)li(|uity of 
the rays passing through a microscope objective 
are so large — ^reaching 30” and more even in 
the lower powers — that analytical metlitxlH of 
approximation are almost useless for purj)OHos 
of ray- tracing. This must ho clone by rigorous 
trigonometrical formulae in strict acoorclanco 
with the law of refracjtion. 

The formulae almost universally used for 
this purpose appear to ho duo to BobhcI 
(Discussion of the ICdnigsbc^rg Holionmtcir, in 
Astronomische Untersuchuwjen, K^inigshorg, 
1841), bub the slightly modific^d form given 
below is that found in Stoinhoil an<l Voit’s 
handbook of applied optics. 

Referring to Fig. .1 , kt the ray on tearing a 
refracting spherical surface A T at V bo defined 



by its angle of obliquity U and by its intc^r- 
section length AB, for which wc iutrodm^o tlie 
symbol L. If 0 is tho centre*) of curvnt un^ of 
the refracting surface and r its radius, wimpk 
trigonometry gives the angle of incidence (IIMi, 
with symbol I, by 

L r 

sinr=~Hina. . (1) 

if we apply tho same symlx >1 h, Init (lintinguiKhcxl 
by a dash, for the data of tho rofra<d/Od ray, 
the law of refraction next gives 

sin Trr sinl. ... (2) 

The angle at tho centre of curvatun^ 
is exterior to both tho tiianglo VOh fornu'd by 
the incident ray and tho triangle ?<T) formed 
by the refracted ray, hence 

AOP=-U-i-T.-n:U'-i.T, 

from which wo obtain 
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The triangle PCD then gives the intersection 
length of the refracted ray 

L'=(L'— r)+r, . . - (5) 

and tho problem is solved. 

An interesting and highly useful relation 
results by introducing the vain© of sin I given 
by (1) into (2), then this value of sin 1' into 
(4), namely, 

(L-r)lSrsinU = (L'-r)N'sin U\ . (6) 

The standard computing formulae may occasionally 
become objectionably inaccurate in tho value of TJ' 
found by thorn. TJ' is found according to (3) by 
adding to the given U tho change of direction of the 
ray =1-1'. If the angles of incidence and refraction 
are unusually largo, as happens frequently at cemented 
contact surfaces and also in tho front lenses of high- 
power objectives, then I and I' are found by their 
sines or log-sines in a part of the table whore a small 
change of tho sine, and especially of its log, corre- 
sponds to a largo ohange in the angle, and tho latter 
becomes oorrospondingly uncertain. In such cases 
a more accurate value of I— I' may bo derived from 
tho loss accurate value of I and I' obtained by (1) 
and (2) by a transformation of (2) j by (2) 

sixil N' 

sinr^N’ 


therefore 


sinl-sini' ir'-Nf 
sinH-smr“N'+N’ 


and the formulae for sums and differenoes of sines 
give 

ton4(I-r)-tani(H-r)|^. . (7) 

The value of I - P obtained from this formula has, 
in tho COSO of logarithmic calculation, only about 
one-third of tho inaccuracy of tho value obtained 
from (1) and (2) for glass-air refractions : in tho case 
of contaot surfaces tho advantage is very much 
greater owing to N'-N being then small compared 
to either N' or N. 


The accuracy of tho L' obtained from (6) 
will be insulficient when r is much larger than. 
L', bocatiso the quantity really determined 
directly from tho data is (L' - r), and if this 
is largo, the usual logarithmic calculation will 
give only a few reliable decimal places and 
L' will be uncertain accordingly. Moreover, 
there is no safeguard in the formulae against 
numerical errors, and as such an error at one 
surface will falsify the whole result, a reliable 
check is highly desirable. Both these 
desiderata are met in a most perfect manner 
by a simple formula proposed by Conrady: 
Draw the chord PA from the polo of the sur- 
face to tho point of incidence. Triangle AOP is 
isosceles, and tho angle at C=U-1- I = 
consequently tho angle 

APC=90°- i(lJ+I)=90°-4(U'+r). 


The angles APB and APD between the chord 
and the incident and refracted ray exceed the 
angle AlPC by I and I' respectively, and are 
therefore 90" --4(11 -I) and 90"-4(U"-P) 
respectively. With these values the triangles 
APB and APD give at sight the check results 

PA= L sin U sec 4(U - 1), 

L'= PA cosec cos 4-(XJ'— T). (5) check. 

The value of L' so found should agree 
within the limit of accuracy of the calculations 
with that by (5) : as the value of L' from the 
check formula is always more consistent with 
the corresponding value of XT', and usually 
also more accurate, the value of L' found by 
tho check should invariably be selected for 
retention. The value of PA found incidentally 
is also highly useful for other parts of tho 
calculations of a lens system. It gives, for 
instance, convenient expressions for the 
rectangular co-ordinates' of the point of 
incidence P with reference to the optical 
axis and the pole of the surface, for in the 
triangle APQ the angle at A is 

= 90" - 4(U + 1) =90" - 4(U'4- I'). 


Hence 


X=PAsm4(U-f-I), Y=PAoos4(TJ + I). (8) 


A still more convenient exact formula for X 
is obtained by continuing the trace of the 
refracting surface to its second intersection 
A' with the optical axis and joining P and A'. 
The right-angled triangles PAQ and ATA are 
similar and give 


or 


X _PA 
PA“ 2r* 

;v_(PAP 

2r 


. (8*) 


This utility of PA for other purposes is the 
reason why the chock formula is given in two 
parts ; so computed it gives by its first part a 
value of PA which is proved to bo correct by 
tho verification of L' and may therefore be 
used with absolute confidence. 

(ii. ) Sif/n Conventions, — The computing 
formulae (1) to (8) havo been deduced for one 
particular case in which all the quantities 
entering into thorn were treated as positive. 
The formulae can be rendered valid for all 
possible oases by adopting appropriate sign 
conventions. Many of the sign conventions 
proposed in books on optics break down under 
certain special conditions. The following 
conventions are froe from this objection, and 
also give the usual signs of focal lengths and 
other data, the optical axis being taken as 
horizontal : 

(a) IntoTsection lengths L or L' and radii 
of curvature are given the positive sign if the 
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intersection points or ceatres of curvatare lie 
to the right of the refracting surface. 

(d) The acute angle XJ bet'ween the optical 
axis and the incident ray is given the positive 
sign if a clockwise turn would carry a ruler 
through this acute angle from coincidence with 
the optical axis to coincidence with the ray. 

(c) The signs of the starting values having 
been determined by the preceding rules, those 
of the derived q^uantities are fixed hy the 
usual rules of algehra and trigonometry. 

The angles entering into calculations of 
optical instruments are almost invariably 
acute, hence no ambiguity can ordinarily arise. 
The only exception is the angle XJ -h I at the 
centre of curvature, which frequently slightly 
exceeds 90® in the front lenses of od-immersion 
objectives. But as it is found by addition of 
two acute angles of definitely hnown sign, no 
doubt can arise ia this case. 

As the direction in which the light travels 
does not enter into the above sign conventions, 
the formulae can be used with equal confidence 
and without any modification for calculations 
in either direction, which at times proves very 
advantageous, especially in eyepieces. 

In the case of microscope objectives the 
formulae are used exclusively for the tracing 
of rays from an original object -point on 
the optical axis of the system, and as the 
latter must he a perfectly centred one, the 
final as well as all the intermediate images 
will also lie on the optical axis. There is in 
fact complete symmetry with reference to the 
optical axis, and the result found for one ray 
at a given initial inclination XJ to the optical 
axis applies equally to rays of that inclination 
leaving the object point in any other azimuth 
with reference to the optical axis; in other 
words, the calculation for one ray covers a 
complete narrow circular zone of the system. 

In this simplest case of the application of 
the general formulae the continuation of the 
tracing of a ray through a following surface 
also assumes a very simple form, for if AjP^ 
in Figr. 1 represents such a surface at axial 
distance d' from the preceding one, the obvious 
relations exdst : 

Li=T/-d', Ui = U^ Ni=N', . (6*^) 

and with these as starting values the ray can 
be traced through the new surface. 

§ (3) Pabaxial Ravs. — ^Rays starting from 
the object-point at different values of U will 
in general give a different position of the 
respective final image-points, thus disclosing 
the longitudinal spherical aberration of the 
system, which must he sufficiently corrected 
if the system is to be a useful microscope 
objective. 

The usual first approximation in the correc- 
tion of spherical aberration consists in bringing 
together the image-poiats produced hy the 


marginal zone and by the paraxial zone 
respectively. The computing formulae already 
given are easily adapted to the tracing of 
paraxial rays hy noting that for those rays 
which pass very close to tho axis all the angles 
will necessarily be very small ; hence t-ho 
difference between tho sines and tho angles 
themselves (measured in radians) becomes 
negligible, and cosines and secants becoino 
equal to one. If the paraxial angles and 
intersection lengths are distinguished by using 
small letters instead of capitals, tho compiuting 


formulae therefore will be 


l — r 

t = 'U - , . 

r 

• (i?>) 

.N 

• {2l>) 


• (:¥) 

r 

1! 

■ (-^P) 


■ (Bp) 


. (rip)* 

(Z-»r)N.w = (r~r)NV. 

■ (Bp) 

In the check formula tho chord TA 
mdistinguishabl© from the ordinate 
point of incidence, with symbol y, 
check therefore is 

beeoinos 
of tho 
and tho 

y=Z.w, • (Cp) chock. 

Equation ( 7) becomes 

(7p) 

and the equations ft;r X give 


-r 

.—11 

it 

• («P) 


Strictly these formulae should bocompxitod 
with a very small initial value of u. But inas- 
much as (Ip) to (7p) are all linear oquatioas, 
it is evident that if a calculation first carried 
out with an appropriately small value of tho 
initial 'll wore repeated with ^ . u as tho initial 
inclination of the ray (h being any number 
whatever), all the other angles would conic out 
at ^ times tho fii'st values, whilst tho ink'r- 
section lengths would be absolutely unehangod. 
As the latter are tho quantities of <'hi(^f inleroHt, 
the initial u at tho first surface of any one 
system may thoroforo bo chosen (piito fnndy, 
and in order to maho tho application of the 
sine condition as simple as possibh^ it is most 
convenient to choose as tho nominal value of 
the initial 'ii tho exact value of sin XT for the 
corresponding marginal ray. Identity of tho 
value found for tho final ?// of th<^ syslt^rn 
with the final value of sin U' of the marginal 
ray then indicates fulfilment of tho sine 
condition without a calculation of any kind. 
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It is, of course, necessary to bear in mind that 
these convenient large nominal values of the 
paraxial angles are fictitious when their 
absolute values are required for any special 
purpose. 

§ (4) Spboia-l Fobmula-B foe PLA.NE Stna- 
FAOES. — Bays may he traced through plane 
surfaces at right angles to the optical axis by 
the general fonniilae by using a fictitious 
radius of curvature of such great length that 
the corresponding spherical surface only 
departs hy a small fraction of a wave-length 
from a plane within the full aperture at which 
the surface works. But special formulae are 
far more convenient. Putting equation (1) 
into the form 

sin I=sin l^i 

it is seen that for r = oo we have I = - U. 
Equation (4) similarly shows that for a plane 
I' = - U'. With these special values of I and 
I' equation (3) gives sin U' = !Nr/N' sin U, and 
on introducing the special values into the 
check-formula a formula for L' results, namely, 

T / T ^ TT I TT/ T N' COS V' 

L =L tan U cotan tt-j 

lil cos U 

by introducing the relation existing in this 
case between sin U and sin XT'. The paraxial 
equations are easily deduced from the above 


and give 
formulae : 

the complete set of 

computing 


I=-U, r=-^U', 

. pi(i) 



■ pi(i?) 


siiitJ'=^,sinU. 

• n{2) 


II 

> 



L'=: L tan U cotan U', 

■ Pl(3) 


11 


or 

, ^IST' cosU' 

^ ’ cosU* 

. ri(3*) 


Pl(3*) is more oeisily computed than Pl(3), 
and gives a more accurate result if the angles 
are small. Pl(l) and (Ip) do not enter into 
the calculation, hut are important for certain 
general discussions. 

§ (f)) Sphbrioab Abbubatio]!!. (i.) Qen&ral 
Formulae . — ^When a paraxial and a marginal 
ray are traced from an original object-point 
through a system, the difference {1/-U) at 
any one surface indicates the longitudinal 
spherical aberration. Whilst the aberration 
is most easily found in this way it is obtained 
in a form which is highly misleading as to 
the real seriousness of the defect whh^h is 
indicated, and even more so with reference 


to the real contribution to the total aberra- 
tion by the separate surfaces. These un- 
desirable peculiarities of tbe longitudinal 
spherical aberration become apparent and its 
laws are disclosed by finding a direct expres- 
sion for it in terms of the computed angles 
and intersection lengths. 

Standard equation (1) may he written 

sin XJ_ r 
sin i L — / 

which gives by simple transformations 

, ^ 7 sinXJ 

L“sinl-h sinU* 

_ ... L~r sin I 

and . (6) -sint + smU’ 

(a) may be fuither transformed into 

r _ sm I -h sin U — sin I _ _ sin I 
E”* E^r+ siu IT ”” “ sin I -H sin U’ 

and if this equation is multiplied throughout 
by N/r it gives 

, , IT KT N sini 

r sinl-t- sinU‘ 

Standard equation (4) is identical in form 
with (1), and treated in the same way as the 
latter gives 

N' W W Bin r 

r ainr-f 

As (d) applies to the ray after refraction, 
the N' sin I' in its last term is equal — by the 
law of refraction — to N sin I in (c), hence 
we may combine (c) and (d) hy subtracting 
the first from the second and treating N sin I 
as a common factor in the last terms, leading to 

Nsiia / V 

r ' Vain 1 -H sin U sin I' 4- sin Uy * 

Taking l/(sin I-Hsin U) outside the bracket, 
using (6), and in tho bracket the formula for 
the sum of two sines, gives for the final term : 

Final term 

N(E-r) /, sin J{U + 1) cos Hl-V) \ 
rh 'V sini(t^'H-X')oosKr-UOA 

By standard equation (3) U-f 1 = 17' -4-1', 
honco tho sines of half these angles oancel 
each other- Bringing the simplified bracketed 
term to a common denominator and applying 
tho formula for tbe difleronoe of two cosines 
noxt gives 

Pinal term = 2^ 

rh 

^ sin i(I - U 4- r- U') Hiu i(I “ P “ E -H PO 
■■cosi(I'-U') ' 


VOL. IV 
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By elimination of U' from tke last ntuneTator 
by (3) : U' = TJ+T-r, the final term takes 
its definitive form, and on. introduotion into 
(e) gives 

N' N N'-N 
r 

+ ^ rL ■ "oosi(I'-U') ■ '' 

as a trigonometrically exact eq^uation from 
which the laws of longitudinal spherical 
aberration can be deduced. If an object- 
point at any given distance, L, is considered, 
the first two terms on the right of (9) will 
be constant, hence variation of L' for rays 
at different inclinations, U, can only result 
from the final term which, is thus pointed out 
as the one which determines the spherical 
aberration. Its value depends chiefly on the 
two sines in the numerator which for moderate 
values of the various angles wiU, as was 
proved for the paraxial region, vary very 
nearly in direct proportion with the initial 
U of any one ray, and therefore also in pro- 
portion with the distance, Y, from the optical 
axis at which any ray penetrates the refracting 
surface. In first approximation the spherical 
aberration expressed by the last term there- 
fore grows with the square of the aperture, 
and as a consequence becomes small of the 
second order for the paraxial region. For 
paraxial rays equation (9) therefore becomes 


which will be recognised as one of the best- 
known and most useful formulae for the 
tracing of paraxial rays. 

Ey deducting (9j7) from (9) and making 
very slight reductions a perfectly general and 
rigorous direct expression for the longitudinal 
spherical aberration at any spherical surface 
is obtained, namely 


I -L^(Z-L)^. 


+ oosJlI'-D') ’ ' 


in which the second term again represents the 
new spherical aberration produced by the re- 
fraction, whilst the fi.rst term shows how the 
spherical aberration (Z-L) of the incident 
rays combines with the new aberration; in 
other words, the first term expresses the 
addition theorem of longitudinal spherical 
aberration. It is seen that (Z - 1;) has to be 
multiplied first by N/Nf', which may vary 
from about *6 for a refraction from air into 
dense glass to about 1*7 for a refraction from 
dense glass into air. This product is further 
multiplied by the ratios of the conjugate 


distances of the paraxial and marginal ray 
respectively : each of those ratios may vary 
from zero if an incident ray ])ar4illol to tht) 
optical axis (Z or L = qo ) is rondored convergent 
or divergent by the refraction, to infinite 
valne if a convergent or divergent ray is 
rendered parallel to the optical axis by the 
refraction at the surface. The exfcraordhuii’y 
extent to which the longituclinal sifliciicuil 
aberration is frequently found to fluctuate 
from snrfaoe to surface when common senst 
and experience render it obvious that the real 
departures of the rays from their ideal <s(>ui’HO 
is quite sLight is thus fully ex|)laiT\o(l. The 
second term in (9*) is easily Hcon to have 
similar noisleading factors, so that tho amount 
of the new aberration is also found in a form 
which requires careful scrutiny before making 
up one’s mind as to whether the aberration 
is really serious or not. Strong evidence is 
frequently found in actual optical (lesigun 
that even experienced practical computers are 
not sufficiently aware of the very indirect and 
misleading nature of the indications whi<di 
the longitudinal spherical aberration suppliers 
as to the real seriousness and magnitude of 
the defect at any one surface. 

(ii.) Oorbdit/hris for Minimum Sp7iGrical Abcr~ 
ration . — ^An extremely interesting and im- 
portant question, especially in connection 
with microscope objectives, is whether the 
aberration produced by a spherical suriiicso 
can become small or zero for pencils of finite 
aperture. One such case is quite obvious, for 
if the object-point is infinitely close to tJio 
refracting sTirface, then L will bo infinitely 
small, rays at any practicable angle, II, will 
meet the surface very close to tho optical axis 
so that the curvature of tho surfac.c will he 
inappreciable and its tangent may he 

substituted. In accordance with tho formulae? 
for plane surfaces, tho will then also he 
infinitely small and there is no scope for 
spherical aberration. This most obvious caso 
is taken advantage of in all high-pow(^r micro- 
scope objectives to reduce the inagnitiiclo of 
the aberration which would arise at tin? first 
surface next the object if tlio latter woi’(? at a 
considerable distance, sim])ly by making th<v 
‘‘ free working distance ” very small. 

Two other cases can bo <l(?(lu(!(?fl from 
equation (9’”). Discussion of its final term 
by which the now aborratuni is d('t.<u'nnnccl 
shows at once that this torni will be y.cro if 
L=r, that is, for rays directed towards tho 
centre of curvature. Under tlu^se 
L-r will be zero, which alone is siifiioictit. 
But in addition sini(I-T) will ako lx? zero, 
as for rays passing radially there is no d<?via- 
tion. It follows that for rays (lir(‘i?t(ul t( )war(lH 
points close to the centre of <?urv'aturc l.lu? 
aberration is small of tho socond order. This 
second case is also made use of in microscope 
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objectives of high power : it accounts for th.e 
very usual meniscus form of the lens next 
above the front lens. The Beconrl lens thus 
receives the diverging rays at small angles 
of incidence on its concave first surface and 
keeps the spherical aberration down to a 
manageable magnitude. 

(iii.) Ajplanatic Refraction . — In all cases not 
coining under the two which have been dis- 
cussed all the factors entering into the aberra- 
tion term of (9*) wiU have finite values, with 
the possible ezeeption of sin J( I' - U). If this 
factor became zero the aberration would again 
vanish ; that is the third and most important 
case of aplanatio refraction at a spherical 
surface. 


Sin -i(r - U) = 0 implies I'= U 

aud also sin I'=:sin U. 


By combining equations (1) and (2) it is 
easily found that qidte generally 

. T/ N L-r . T- 

sin I = tct? sin IJ. 

N r 


If, as in the special case under discussion, 
sin I' = sin U, the general equation takes the 
form 


, K L-r L-r N' 

"r~’ 1 N’ 


from which follows 


V"" N ’ 


or L=r' 


N'-hN 

■ TT'* 


Tf L satisfies this equation there will be no 
sphorioa.1 aberration, no matter how largo the 
angles may bo, right up to grazing incidence 
or emergonoo of the rays. As refractive 
indices arc always ])ositive, the case can only 
arise when and r have the same sign, which 
implies that the object point lies on the 
concave side of tho refracting surface. For 
refraction from air (N = l) into glass (say, 
N = l*/3) the equation gives L=2*5r, so that 
tho diagram used in clodxioing tho standar<l 
computing formulae approximately roprosonts 
this third case of aplanatio refraction. Several 
other interesting relations apply in this case. 
By (3) r-U=I-U^ hence the case also 
implies I=:XJ', and if this is followed up by 
the aid of (2) and (4) in tho same way as before 
it loads to 






which for the numerical example already 
used gives L'=l-f567r. Combination of the 
equations for L and U gives the additional 
interesting relations 

L'_ N .11 1 


Finally, the two conditions to be fulfilled, 
sin T = sin U 
and sin I = sin U' 

give, on dividing the second by tho first, 

sinU'^^I^N' 

sinti sinT N 

by tbe law of refraction. 

Therefore sin U '/sin U = W[N = a constant 
for the surface, and this supplies the highly 
important further inf ormation that tho optical 
sine condition is fulfilled in this third case of 
aplanatio refraction. The two conditions to 
he fulfidled, sin Y - sin V and sin I = sin TJ', 
also show, inasmuch as the angle of incidence in 
tho less dense medium may reach but cannot 
exceed 90°, that the angle of convergence 
XJ or U' in tho denser medium has the same 
range, that is, this case permits of deal- 
ing with cones of rays up to an included 
angle of 180° between opposite extreme 
marginal rays in the denser medium quite 
independently of the values of N and 
N'. It is this unconditional freedom from 
spherical aherration for cones of rays of the 
widest possible angular extent which renders 
this third case of aplanatio refraction so 
extremely valuable in the design of microscope 
objectives. It may indeed be stated that 
microscope objectives of high aperture are 
possible only by making use of this property 
of spherical surfaces. Tbe curved side of 
the front lenses always corresponds fairly 
closely to the conditions which have heon 
deduced. If tho conjugate points are a little 
nearer to the refracting surface than is re- 
quired for exact aplanatism, then a very 
considerahle collective refraction can bo 
secured accompanied by spherical over- 
correction such as is usually only obtainable 
at tho expense of a dispersion of tho rays. 
Front lonsc-s therefore depart from tho exact 
theoretical position of tho aplanatio points 
more frequently in this sense than in the 
opposite sense of too groat a distance of the 
conjugate points from tho refracting surface. 

It is an obvious concluHioii drawn from tho above 
tlisouBBion that if tho aberration, aooompanyiiig n 
given deflection (I — T*) is desired to bo largo, as most 
often happens at tho dispersive eonttiot surfaces 
at which ovor-oorroction is produced, then a largo 
value of (I'-U) must bo aimed at by having the 
oonjugnto points os far tis possible away from tlic 
aplanatio position. II once for conjugates lying at 
the oonoavo side of a surface their distance should 
bo a largo multiple of tho radius ; but still higher 
aborratioiiB will bo secured by having tho oonjugato 
points lying on the convex side of the surface, which 
is in fact tho pn^doniiiiating practic-e, 

§ (G) Zonal Spukkioal Abiiriiattok. Rx- 
^esMon as a Jl:ienea. — ^It has been proved that 
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the longitudinal spherical aheTration grows, 
in -first approximatioa, -with the sc[iiare of the 
aperture of any given lens system. The form 
of equations (9) and (9*), however, mates it 
obvious that there must be higher terms in 
their development in series. The type of 
this series may be fixed without direct mathe- 
matical investigation by the simple considera- 
tion that on account of the symmetry of a 
centred system with reference to its optical 
axis a ray from an axial object-point entering 
at the same angle below the optical axis as 
another above the axis must suffer the same 
longitudinal aherration as to both magnitude 
and sign. Two s-uch corresponding rays will 
have the ordinate Y of the point of incidence 
as well as the chord PA of the same numerical 
value but of opposite sign, whence it follows at 
once that the series giving the longitudinal 
aberration in -terms of powers of Y or of PA 
can only contain even powers of these as well 
as of any other direct measures of the aperture ; 
therefore the longitudinal aberration LA' must 
be represented by an equation of the form 

LA'= -i-CaY^ -t- CjY® -h etc. 

In systems of slight curvature such as 
astronomical object-glasses of the usual types, 
only the filrst term is sensible. Such systems 
can have their spherical aberration corrected 
in a practically perfect manner on paper. 
The very sensible residues of aberration 
frequently found by direct tests (such as 
Hartmann’s) in such systems are due to a 
slight extent to departures from the prescribed 
radii and thichnesses, to a greater extent to 
departures from true spherical form of the 
polished surfaces due to elastic yielding of 
the lens and tools in the process of grinding 
and polishing, but chiefly, especially in large 
sizes, to want of homogeneity in the glass 
which at times even affects microscope 
objectives. Empirical “ figuring ” of a suit- 
able surface is the only remedy for these 
technical defects, which cannot be either 
estimated or allowed for in the calculation 
of a lens system. 

In lens systems of somewhat bolder design 
the first two terms of the LA' series represent 
the longitudinal aberration with sufficient 
accuracy. If such a system is spherically 
corrected for a particular zone of its aperture 
(usually the extreme marginal zone) the terms 
in Y® and Y^ must he numerically equal 
but of opposite sign for that zone, whilst there 
will be residuals of aberration of the sign of 
the term between the paraxial and the 
corrected zone, and of the sign of the Y^ term 
beyond the coTrected zone, the former attain- 
ing a maximum value at of the diameter 
of the corrected zone. Hence the rule that 
if the presence of zonal aherration is to be 
ascertained a third ray (in addition to the 


paraxial and marginal ones) should be traced 
through the system at -7071 of the aperture 
selected for the marginal ray. 

In systems of deep curvature, practically 
in all microscope objectives exceeding an NA 
of about -3, still higher terms become sensible 
in rapid succession as the aperture increases, 
and a higher state of spherical correction 
must then be aimed at. In purely geometrical 
ray- tracing this is attained by demanding 
that the rays passing through three selected 
zones of the aperture shall be brought to a 
common focus, and it is usual to choose the 
paraxial, marginal, and the *7071 zones. 

If only the first three terms of the aberration 
series were of sensible magnitude this would 
lead to perfect spherical correction for the 
whole aperture. In reality the higher terms 
follow so closely on each other’s heels that the 
tracing of intermediate rays again reveals 
secondary zonal variations. But there is no 
systematic method for the removal of these 
higher zonal variations. 

§ (7) The Physical Aspect or Spherical 
Abebratiok. (i.) General Consideration . — It 
will have been gathered from the preceding 
geometrical discussion of the problem of 
spherical aberration that its chief weakness 
lies in the method of measuring the magnitude 
of the defects which the longitudinal spherical 
aherration indicates. It is usually attemi)ted 
to estimate the true magnitude by discussion 
of the series for LA' with a view to determining 
the smallest diameter of the confused pencil 
of rays resulting from the aberration. It is 
then assumed that the focus of the instnimont 
-will be adjusted so as to throw this smallest 
possible geometrical image upon the retina of 
the eye (or upon the photographic plate) and 
that each object-point will be seen or photo- 
graphed as a dot of the size of this “ circle 
of least confusion.” When the spherical 
aberration is of very considerable magnitude, 
these assumptions are very nearly correct. 
Cases of that kind, however, are of extremely 
rare occurrence in practically useful optical 
instruments. Telescopes and microsco})cs of 
the present day are expected to realise the full 
theoretical resolving power of a perfectly 
corrected instrument as defined by the integra- 
tion of the light effect at a perfect focus in 
accordance with the undulatory theory of 
light. As the limit of defining power so 
determined is decidedly stringent, only small 
amounts of aberration can bo tolerated. In 
this, practically the only interesting case, the 
geometrically determined circle of least con- 
fusion becomes absolutely useless as a inoasuro 
of the size of the actual imago of a point : as 
will he shown, the geometrical circle of least 
confusion may be four or more times the size 
of the image really seen by the eye before any 
sensible deterioration duo to spherical aborra- 
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tiou sets in. It might be argued that tHs 
must surely be in favour of adhering to the 
geometrical measure, inasmuch as an instru- 
ment satisfying the geometrical limit would 
prove (luite perfect when submitted to actual 
test hy light of finite wave-length. The answer 
to such an argument is that in order to reduce 
his circles of least confusion to the size of the 
physically determined image of a point, the 
purely geometrical designer would have to 
stop at a very much reduced aperture of a 
system of any given number of component 
lenses. As the true resolving power is pro- 
portional to the aperture, he would thus 
invariably produce a system of lower resolving 
power and with a smaller light gathering power 
than could be produced with the same number 
of components by taking the finite wave- 
length of light into account in determining 
the permissible aperture. Adherence to the 
geometrical method must therefore prove a 
severe, if not a fatal, handicap whenever the 
besb possible result is to be secured with a 
given number of components. 

Physically considered, a lens system changes 
the curvature of the light-waves passing 
through it: if perfect the system turns the 
spherical waves sent out by any object-point 
into truly spherical waves converging towards 
the conjugate image-point ; consequently the 
light sent out at a given instant from the 
object-point towards every part of the clear 
aperture would a little later arrive absolutely 
simultaneously at the conjugate image-point 
and would produce a maximum brightness 
of the image owing to the total absence 
of differences of phase. The simultaneous 
arrival at the image-point of light traversing 
all parts of the clear aperture is therefore the 
physical definition of a perfect optical system. 
Inasmuch as the rays of geometrical optics 
are normals of the corresponding wavo- 
surfaoos, this physical definition of a focus is 
in the case of perfect systems identical with 
the geometrical one; for if the waves con- 
verging towards the image -point are si)herical, 
then their normab, the “ rays,” will bo radii 
and will therefore meet at the image-point* 
(ii.) Physical Theory.— Hui whilst the geo- 
metrical theory claims a perfect point-focus, 
the undulatory theory merely demonstrates 
that there is a maximum of intensity at that 
point, because the light roaches it without any 
differences of phase. In accordance with the 
prmci])lo of Huygens as extended by Fresnel, 
even a truly spherical wave produces a light- 
eflfoot outside the cone of “ rays ” to which 
it corresponds. If, in Fiy. 2, O ro])rosents an 
object-point sending out spherical waves like 
W and. if the lens system changes these waves 
into a form like W' converging more or less 
perfectly towards an imago-point O', then, 
according to the principle referred to, the 


light-effect at any point whatever beyond W' 
can be determined by considering each surface 
element of W' as a luminous point sending 



out spherical waves and by integrating the 
combined effect at any point of these 
elementary waves over the whole surface of 
W'. G. B. Airy ^ carried out this integration 
for the intensity distribution produced by a 
perfect lens system in the plane of the geo- 
metrical image and arrived at the well-known 
“ spurious disc ” surrounded by concentric 
difraction rings of rapidly diminishing in- 
tensity. In this simplest case the light from 
all points of the emerging wave W' will arrive 
at O' in the same phase. If there is spherical 
aberration present, then the emerging waves 
will be distorted and will no longer be of the 
ideal spherical form, and there will not be a 
definite point like O' at which all light arrives 
in the same phase. In order to discuss these 
oases (strictly speaking, the only ones which 
are of practical interest as perfect spherical 
correction is utterly impossible) it is necessary 
to determine the phase relation with which 
light arrives at any assumed position of the 
image-point. This is done by finding an 
algebraical expression for the total length of 
optical path from an object-point to the 
assumed imago -point, in the first instance for 
a single spherical refracting surface. 

In Fig. 3, let AP represent the trace of a 
spherical refracting surface with centre at C, 



separating a medium of index N to its loft 
from a medium of index N' to its right ; let 
B bo the luminous object-point at distance I 
from the pole A, and D at distance I' from 
the pole the point for which the difierences of 
optical path are to be determined, using the 
axial path B A D as the reference standard. 
Physically the refractive index represents the 
ratio of the velocity of light in empty space 
to that in the given medium, hence a path 
Z in a medium of index N takes as long to 

* Camb, PhU. Trans., 1834. 
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traverse, or is optically equivalent to, a path 
in empty space. Reducing all paths to 
their equivalents by this'Telation, there results 
— bearing in mind that I in the diagram is 
negative in accordance with the adopted sign 
convention — 

Equivalent axial path =N' . - N . Z, 
Equivalent marginal path = H'. PD - H . BP. 

Introducing the rectangular coordinates x and 
y of point P the second equation becomes 

E.m.p. = W 

in which the roots must obviously be taken 
with the signs of V and I respectively. For a 
spherical surface y^=2rx-x^, hence 

E.m.p. = N' K ^l^-2x{l-r). 

The difference axial — marginal path will 
determine by how much the axial path is 
longer than the marginal path ; or more con- 
veniently put, it gives the lead of the marginal 
light. Introducing the symbol OPD for this 
optical path difference, it is found as 

OPD = Nr(l-^l-2a?^) 

i-zx-rn^. 

Putting ^-x(l-r)jl^ and p'-x{V -r)IV^ and 
developing the roots by the binomial theorem, 
the result is 

OPD = ]SrT[l ~ (1 etc.)] 

— NZ[1 - (1 - p - _ ^^3®, etc.)], 

or, differently ordered, 

OPD = W. . Zi3 -H J(N'. Z'p'2 -If . 

+i(N-^Zy®-N.Zp8), etc., 

and this is valid for any position on the optical 
axis of the assumed image-point D. 

Ji the values of p and p' are reintroduced 
and Xf in accordance with the last of equations 
(8), is put equal to (PA)®/2r, the value of OPD 
becomes 

( 10 ) 

Evidently the first term in (PA)a will disappear 
if the bracketed factor becomes zero. But 


can be easily converted into 

N- 

T — r~''T 


an equation already deduced (see (0;;)) iis t-ho 
condition fulfilled by the location (►f the 
paraxial geometrical image of tlio ol)j(‘(‘t“ 
point. The difference of optical paths wiih 
which a ray at finite distance from the optical 
axis reaches the paraxial focus is therefore 

<.ro,.tpAr(Q,jr2-?fc!£:) 

This equation obviously gives the sphericial 
aberration in terms of difforoncos of optical 
paths. The latter will be obtained in wave- 
lengths by multiplying tho right aide by the 
number of wave-lengths contained in ()uc unit 
of length (approximately by 2000 if the 
millimetre is used or by 50,000 if the iiudi ia 
adopted) and is seen to grow with tho foiirth 
and higher even powers of the aiXMtfiirc, 
whereas the longitudinal aberration tw dclinctl 
geometrically grows with the square of tho 
aperture. 

The differences of phase thoroforo incrc'aso 
very much more rapidly than the eqnivalt^nt 
longitudinal aberration when they once havo 
I reached sensible magnitude ; on the other 
hand, the differences of phase will remain 
insensible in a zone surrounding tlio optical 
axis which is much larger than tluit in which 
the longitudinal aberration remains small. 

As tho OPD found for a rjiy nt a Hurfiu^c mojiHurcH 
tho lead which it has gained with to the 

oorresponding axial ray, it is evident that, tlu^ add it ion 
theorem of tho OPD for a immlx'-r of Hurfuc(‘K is tlu» 
simplest possible one, namely, HiinpU.') ulgclipuical 
addition of tho separate values found for (‘ach Kiirftu’n, 
Thk is, however, strictly correct only if etj nation (10) 
is used and if tho V introduced into it. is th(‘ tnu" 
intersection length of tho nutrginnl rny m found 
teigonomotrically. The lojison for this r(‘Htriciiou 
is that in tho propagation of waves of an <»xtcnt< 
whioh is a largo multiplo of a 'wiivo-h'iigt.Ii tU<‘ <‘U;<*rgy 
reprosontod by tlio vibrations travels in llu^ <lir<‘ciiou 
of the geometrical rays and must tlunv'fcn* Ih* tnu^f'd 
along the latter. Tho direction towards the juiriixial 
focus differs from that towards tlu^ actual iiit<*rH('i‘tion 
point of a ray at finite angles by tht^ aniounl. (»f th(^ 
angular value' of tho spherical aberration, nud a 
correction is called for which, although Hina II and 
easily determined, is a troubliwoinc addition to the 
numerical work and makes anot.h<‘r nudliod of 
calculating tho OPD to bo given prcwnt.ly dt'cidedly 
more convenient. 

The correction roferrod to brings in small 
additional terms of tho (Jth md higluM* 
orders; it therefore does not alt<‘r the* law of 
increase of the OPD with ii)>ortur<‘, so t-hat for 
any centred, optical system tho OP I) its givtm 
by pO) ■will be expreesod by an of 

the form 

OID=CiYi= + CgY4+c,Y'>+ Ota, 
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for aay assumed position of the image-point, 
and by an equation (10*) of the form 

etc.. 


The distance AE may be evaluated in the same way 
remembering that PCA=U'^-^ and PDA =11', and 
we find 


AE=Y(taii i(U'H-r) -tan ^T')- 


for the paraxial image-point. The' presence 
of a term in for points other than the 
paraxial focus is of great importance in the 
discussion of the location of the best image 
and in laying down the limits of tolerance for 
residual spherical aberration. When the 
equations are written with undetermined 
coefficients Cj etc., they hold for any reasonable 
measure Y of the aperture, as for instance the 
ordinate of the point of penetration of the ray 
through any one surface of the system, or the 
angle of convergence of the issuing or entering 
ray, for all these different measures are con- 
vertible into each other by series progressing 
in alternate powers of any given measure of 
the aperture, by reason of the symmetry of a 
centred system aroimd the optical axis. 

§ (8) TniGOl^OanjlTRlCAri CALOtJLATION OF 
THi OPD. — ^Let a spherical wave OA, Fig, 4, 



in the medium of index N to the left of the 
refracting surface AP, be converging towards 
B. While the margiaal part of the wave is 
traversing the distance OP in the medium of 
index N, the axial part has entered the new 
medium of index N' and the optical paths of 
the two parts arc nooossarily equal. As the 
marginal ray is refracted towards D in the 
direction given by the ordinary law of 
refraction a new spherical wave EP, with D 
as centre, would result if there wore no 
spherical aberration. Therefore in this case 
the optical path AE would bo equal to the 
optical path OP. Conversely, if the optical 
paths OP and AE arc separately computed 
and found to differ, the difference will represent 
the OPD duo to spherical aborration. 

Dosoribo an arc of a circle PP' with B as centre 
cutting the axis in P', and draw PQ porpondionlar 
to the axis. 

Then 0P= AF«AQ- P'Q. 

Join AP and P'P. The triangles CAP and BPP' 
are both isosceles. As the angle at 0 is=U-|-I and 
the angle at it follows that angle PAQ=00‘* — 
■J(tJH-I) and angle PP'Q=90®"iXJ, whence putting 
PQ=Y 

OP « YCtan 4(U +1 ) - tan ^U). 


And the OPD at the marginal focus D is found by 
multiplying AE and OP by the respective indices 
and tatog their difference. Thus, 

OPD„» =N'. Y(tan i(U' +1') - tan^U') 

-K. Y(tan ^(XJ-)-I)-taa ^V). 
Whence on reduction wo have 


OPD,ft=N^Y 


sin^r 


cos i^(U'-br) cos^U' 
-KT.Y- 


sin^I 


cos ^(TJ + 1) cos -JU 


Multiplying numerator and denominator of the first 
term by 2 cos ^P, and of the second by 2 cos JI, the 
numerators of the fractions become sin I' and sin I 
respectively, and as N' sin I' =N sin I and (D-fI)= 
(U'-f-I') the equation becomes 


OPD„, 


N'. Y sin I' 

2co8^iU+l) 

r i 

Lcos p' cos JU' cos cos -JU, 


or on bringlag the square bracket to a common 
denominator 

OPD =a • Y sin r cos ■^U cos ^I- cos cos 

2 cos |f(U + 1 ) cos ■JI cos i*U cos -JP cos * 


The numerator of the second fraction can be further 
simplified by putting cos JU=cob (1(17- DO+iP') 
and resolving, also putting oos4-I'«cos(-|(U-U') 4-JI), 
which is obtained by transposing 17-1-1=11' -fP, and 
resolving this. The numerator is then obtained in 
the form of four terms, two of which cancel each 
othor whilst the other two combine and lead to the 
equation 

OPD N' . Y Biu r sin ^(D-UQ sin ^(I-UQ 

2 008 cos i-I cos -1- 1) cos |I' cos -jfD'' 

It is more convenient for computation to 
replace the ordinate Y by the chord PA. 
Using Y=PA cos ^(TJ -hi) this gives 

_N'.PA. 8inrBini(U-U')sini(I-U') 
2 cos iV cos il corfl^oa iV' * 
( 10 **) 

For a plane surface PA becomes identical 
with Y and as by PZ(1) 1= - U and I'= - V', 
the equation for plane surfaces is 

plane: OPD,n 

_ K' . Y sin U' sin ;^(U + U') sin JfU-- U'), 
2oos2^Uco8*»iU' 

( 10 **) 

in which Y =Li tan X7= L' tan U'. 

These equations are more rapidly computed 
than the number of terms would suggest 
because they give the OPD directly, not as a 
small difference of two large numbers. 
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As it is hardly ever of interest to know the aberra- 
tion at any one surface within less than O-l per cent> 
four>figure logs are quite sufficient and the cosines in 
the denominator rarely call for any interpolation, as 
the angles are usually small. The aberration at the 
final marginal focus of a system is strictly equal to 
the algebraical sum of the OPD^ values found for 
the separate surfaces because the ray is traced in this 
case along the path assigned to it by the law of 
refraction. There is therefore no correction of any 
Mnd to be applied to the result obtained for any one 
ray. On the other hand, should several rays, at 
different distances from the optical axis, be traced 
through a system, the OPDm obtained for them vvill 
not be directly comparable, as each one will be referred 
to its own geometrical intersection point. General 
theoretical discussions are therefore preferably based 
on Equation (10). 

The differences of optical paths are a direct 
measure of the distortion from true spherical 
form of the t^aves emerging from a lens 
system. For that reason they make possible 
a really valid discussion of the limits within 
which spherical aberration must b© corrected 
if the full theoretical resolving and defining 
power of a lens system is to be realised. This 
discussion is of particular importance in the 
case of microscope-objectives oa account 
of their deep curvatures and consequent 
large amount of higher aberrations : but the 
results are equally valid for any other kind 
of centred optical systems. The foundations 
for this treatment of the aberrations were 
laid by the late Lord Rayleigh. 

§ (9) The Rayleigh Limit. — In 1879 Lord 
Rayleigh ^ arrived at the conclusion that an 
• optical system would give an image only slightly 
inferior to that produced hy an absolutely 
perfect system if all the light arrived at the focus 
with differences of phase not exceeding cm quarter 
of a VMve-length, ** for then the resultant can- 
not differ much from the maximum.” This 
paper ought immediately to have marked the 
beginuing of a new epoch in the design and 
discussion of optical instruments. But the 
barren, purely geometrical treatment of the 
aberrations went on for many years, possibly 
because the conclusion was jumped at that 
equalisation of the optical paths from object- 
point to image - point (themselves rarely 
measuring less than eight inches) within one 
two-hundred-thousandth part of an inch was 
an impossible ideal As will be shown, this 
is so far from being correct that in reality it 
is far easier to correct the aberrations within 
the Rayleigh limit than to bring tfie geometri- 
cal “ rays ” within a “ circle of least confusion ” 
of the size of the image which has for a long 
time been known as attainable. The adoption 
of the Rayleigh limit thus makes it possible 
considerably to increase the aperture of a lens 
system of given type and to come close to the 

1879^^^261 I- 415-463; Phil Mag., Oct 


fall theoretical resolving power with systems 
which, judged geometrically, would aiipoar 
hopelessly over- or under- corrected. 

These remarkable and highly valuable facts 
are easily proved by determining the aperture 
at which the Rayleigh limit is reached in the 
presence of aberration and by establishing 
the relation between the physical and the 
geometrical measurement of the aberration. 

If Dj, in Fig. 6 is the paraxial focus of a 
lens system, then in the absence of aberration 



a train of spherical waves like PA would be 
converging towards this focus. Aberration will 
cause the actual waves to be distorted, and the 
OPL equations will determine directly the 
distance PP' by which the distortc^d wave i» 
separated from the oorrosponding ideal 
spherical wave. If the law of increase of the 
OPT with increasing aperture is known, the 
complete form of the distorted wave wifcii 
reference to the ideal wave will be defined. 
In all optical instrumonts intended for high 
resolving power the angle of the cones of rays 
converging towards the final imago point is 
always very small (much smaller than the 
exaggerated diagram suggosts), tlio oniorging 
waves rarely reaching an angular of 

even 5°. Under those condith )na the <li fforonce 
between the arc AP anil th<^ ordinate V of 
point P will be negligible and the dilToreniial 
coefficient d(PP')/dy will bo tlio inoasuro 
in radians of the small angle betwiH'ii the 
ideal and. the distorted wave and thi^ri'sfore 
also between their c(>rrcB])()n<ling norinals. 
The normal of the actual c merging wave 
represents hy definition the true geometri(*al 
ray passing through any iioint I*'. If !>„» is 
the intersecting point of this ray, the angle 
or the angular aberration the 
ray, denoted by the symbol [AA'j, is then^foro 
defined by 


[AA']: 


d((m\) 

■ ■ dV'"' 


no matter of what carder the wave distortion 
may be, provided only that the angli' of the 
cone of rays is reasonably small. If tlio ray 
at finite angle is produced to intersoirtion at 
T',,^ with a normal plane doficribcid througli 
T^, then the distance Dj,T)'^:=TA' roprostmts 
the transverse aberration and triangle 
gives with ample approximation 


MICROSCOPE, OPTICS OF THE 


217 


Finally the triangles and D^^AP 

which are approximately similar give the 
longitudinal aberration D„^Dj,=LA' as 


LA'=TA 


Y 


VU d(OPDp) 
Y dY * 


These important relations between the differ- 
ences of optical paths and the various measures 
of the corresponding geometrical aberrations 
may be collected in the form 


^®!^ = [AA']=^'=LA'^^,. (11) 


Z'L'* 


As in the case of the geometrical aberrations, 
so in that of the differences of optical paths 
the best image is usually found at some little 
distance from the paraxial focus. The effect 
of such a change of focus must therefore be 
determined. 

Let D in Fig, 6 at a distance dj from the 
paraxial focus D^, be a point for which the 



phase relation of light from P and from A 
respectively is to be determined. At there 
will be a lead of the inclined ray by OPDj,. 
The axial path to 1) is shorter than that to 
Dp by df. The inclined path from P to D is 
shorter than that to Dp by the difference 
PDp-PD. 

In all cases of practical interest d/ is very 
small compared to DP, and tbe angle DPDp 
measures a moderate number of seconds of 
arc. Under these conditions the difference 
between PD^ and PD will be sensibly equal to 
DDp, the projection of DDp upon PDp. Conse- 
quently the light from P will arrive at D with 
a lag =d/(l - cos DDpD') =Uf sin^ JDDpD'. 

Under the restriction to small angles of the 
cone of rays sin DDpD 72 is sensibly equal to 
Y/2Z'. Hence the phase relation at D t^I be 

. ( 11 *) 

in which d/ is treated as positive when lying 
towards the lens system, which is contrary to 
the usual sign convention but is in accordance 
with the general custom of treating spherical 
under-correction as positive. 

§ (10) Aberration on the Wave Theory. 
— The principal cases of interest can now be 
discussed, (i.) Ordinary or •primary Spherical 
Aberration . — The wave distortion for the par- 


axial focus wdll be represented by the first term 
of 10*, or 

OPDj, = k,Y^ [ha constant), 
or 

By equations (11) these give the corresponding 
geometrical aberrations as 

OPD,= lAA^ . J = TA'|,= LA'Jr„ 

and if the last of these equivalents of OPDp 
is put into (11*) the phase relation at any 
shifted focus is obtained as 

OPD = Ji(LA'-2<if). 

If d/=LA', that is, for the marginal focus, 
this gives 

OPD™= ( - LAO = - OPD,. 

In the case of simple spherical aberration the 
axial and marginal light therefore meet with 
precisely the same difference of optical paths 
at the marginal as they do at the paraxial 
focus, only the sign of the difference is re- 
versed. 

If d/=iLA' or for the point exactly midway 
between paraxial and marginal focus, the 
difference of optical paths between axial and 
marginal light disappears. These relations 
become geometrically obvious if a diagram is 
drawn [Fig. 7). 

The true dis- 
torted wave re- 
presented by the 
thick curve 
bends away from 
the ideal wave 
for the paraxial ^ 

focus in proper- Piq, 7 , 

tion to the fourth 

power of the aperture. A normal of the 
true wave at any selected aperture deter- 
mines the marginal focus D^^, and a circle 
tangent to the true wave in the axis and with 
D„i as centre represents the ideal wave for 
the marginal focus, and at the selected aperture 
lies as far within the true wave as the paraxial 
ideal wave lies outside. The existence of an 
intermediate point D such that its ideal wave 
cuts the true one at the selected aperture is 
at once obvious. But it is also readily seen 
that this is the closest fitting spherical wave 
within the selected aperture, for if D were 
moved towards D„i the lump formed by the 
true wave between axis and margin would mani- 
festly become higher, whilst if D were moved 
from the midway point towards the inter- 
mediate lump of the true wave would diminish 
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to a less extent than the rapid growth of the 
projection of the marginal pait of the true 
ware within the spherical ware under con- 
sideration. It may therefore be taken without 
algebraical proof (which, howerer, is es/sily 
supplied) that the residual differences of phase 
are smallest at the point midway between the 
paraxial and extreme marginal geometrical 
foci. 

Their amount is easily determiued. In the 
general equation 

0PD=i(^’‘{LA'-2<i/) 


LA' represents the longitudinal spherical aberration 
for the zone of semi-aperture Y and by the law of 
sunple spherical aberration varies with Y^. Now 
let the full aperture be Y^ and the corresponding 
spherical aberration LA'^ ; then, by the law just 
referred to,. 


IA'=LA- 


‘^1 


and the equation- for OPD becomes 

•'21'“ 


OPD= ^2^ 


This is easily proved to give a maximum value for 
'Y^=dfY\j'LA\, and on putting this value of Y^ into 
the equation for OPD it becomes 

OPBnQaxlmuin=“““i'^p^ j 

Por the best focus hence at mid-focus 


OPDmaxImtim.** “ T^g- 


j/2 • 


Comparing this with 


the highly important result emerges that at 
the best focus midway between the paraxial 
and extreme marginal foci the residual differ- 
ences of optical paths are of only one-quarter 
of the magnitude attained by them at either 
the paraxial or the marginal focus. 

The case of simple spherical aberration was 
one of those on which Lord Rayleigh foimded 
his limit. But he did not extend his work to 
the paraxial focus and did not observe that 
there is a point at which the physical aberration 
sinks to only one-quarter of its paraxial value. 

It follows that OPDj, may be allowed to 
reach a whole wave-length without infringe- 
ment of the Rayleigh limit for the best focus. 

Again, assuming an average wave-length as •00002'^ 
or -0006 mm., equation (11), combined with the 
equation used above, d(0PD5)/dY=>40PDj,/Y, may 
he used to determine the va’ues of the geometrical 
aberrations at which the Rayleigh limit is reached. 
We have 


.. y Y Y* 


a i *00002^ =* + ‘0006 mm. 


These formulae are most conveniently evaluated 
for the ratio of focal length to aperture — tlio /- 
numbers of photographic optics — ropresonted by 
Z'/2Y. As regards TA' it is well known that the 
“ circle of least confusion ” of geometrical optics 
has a diameter equal to ^TA' and 


TA' 

2 



LA' 

4 times the / number. 


This is directly comparable with the resolving power, 
which, in accordance with microscopical experience, 
is defined by the product of the wave-length and the 
/-number and means that two points at that distance 
in the imago can just be seen apart. 


Table I 


Rayleigh Limit for Simple Spherical 
Aberration 


l* 

2 y “/-number. 

//8. 

//i«. 

//32. 

Permissible LA' . 

+ •020" 

+ -082" 

± -33" 

|TA' =a diameter 
of geometrical 
circle of least 
ooninsiou 

•00003 

•0013 

•0026 

Actual resolving 
power ==/-numbor 
X wave-length . 

•0001 tl 

•00032 

•00064 


The pormissiblo residue of longitudinal sphorioal 
aberration is scon to bo surprisingly large, especially 
for the slender imago-forming cones (rarely wider 
than //1 6) of mioroscopo objectives. The geometrical 
circle of least confusion comes out at exactly four 
times the resolving power of tho system, indicating 
the erroneous results obtained from tho geometrical 
theory. 

The realisation of the full resolving power 
stated in tho last lino <i tho ta]>lo at the 
present time rests not only on direct observa- 
tion and on actual oxporicnoo in designing 
lens systems on tho basis of tho Rayleigh, limit, 
but has also been verified l)y direct cialculation 
of the light distribution in the plane of the 
best focus and in tho neighbourhood of that 
plane. 

It might at first sight appear that tho 
** tolerance ” for primary spherical aberration 
was of no interest in the discusHion of highly 
corrected instruments because they are ex- 
pected to be free from this defect. They, 
however, are so only if used in accordance 
with the intentions of the designer. In prac- 
tice large liberties are taken by using micro- 
scope objectives at tube-lengths widely depart- 
ing from that for which they were c(^n-ootcd, 
and in telescopes both by using eyepieces 
afflicted with considerable spherical aberration 
and by using instruments designed for distant 
objects for the observation of laboratory in- 
struments only a few yards away. In all these 
cases primary spherical aberration makes its 
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appearance. Table I. explains vrhy satisfac- 
tory results are usually obtained in spite of it. 

(ii.) T/ie JiayUigh Lhnit for Zonal Aberration. 
— The aperture of nearly all lens systems 
is so large that higher terms of the aberra- 
tion series teoome sensible, hi the case of 
low and modium power microscope object- 
ives up to about -36 NA these higher aberra- 
tions cannot bo corrected, and it becomes 
important to limit the aperture to just that 
value at which the higher aberration does not 
sensibly lower the resolving po”wer. This ideal 
can be closely realised by applying the Eay- 
leigh limit. 

The usual and, as it happens, the best 
possible method of designing such systems is 
so to proportion them that the paraxial and 
the extreme marginal geometrical rays are 
brought accurately to the same focus ; the 
trigonometrically determined aberration of the 
marginal ray is therefore brought to zero. In 
accordance with equation (11) this means that 
d{OVDj,)ldY is also zero. As paraxial and 
marginal foci coincide, OPD^ and OPDj, are 
identical in this case, hence OPD,, can he 
directly determined by computing equation 
(10**) for all surfaces of the system and forming 
the algebraical sum. If higher aberration is 
present and predominantly of the Y® order, 
this sum will have a sensible value. A very 
low value would in any case indicate a high 
state of correction of the system, but not 
necessarily absence of higher aberration, which 
will have to bo tested for as described in the 
following section if deep curvatures occur in 
the system. 

Assuming that aberrations of higher than 
the sixth order are of unimportant magnitude, 
the equation of the distorted wave will be 

and its value for the full aperture T-j is known 
by the c()m])iitation of (lO***). But it is also 
known by (11) (on account of the geometrical 
spherical correction) that d{OJi?i>^)l(lYi is zero. 
Therefore thoro arc two equations, 

and +e5*jri»= 0, 

which can bo solved for bj and 

putting the values found into the general 

equation for OPD^, the latter becomes 

0PD„=3OPDft(:^y - 20PD,, (^^y. 

When plotted, the curve of the distorted 
wave takes the form shown in Mff. B if, as 
is invariably the case, the marginal OPTpj is 
assumed to have a positive value. The ^s- 
torted wave bends away from the ideal wave 


for the combined paraxial and marginal foci, 
roaches a maximum distance from it at the full 
aperture, and would cut the wave again some 



distance beyond the full utilised aperture. It 
is immediately evident that a point D nearer 
to the Ions system must exist which is far 
more nearly equidistant from all parts of the 
distorted wave. The closest-fitting ideal wave 
is dotted in the diagram. It can he determined 
algebraically by noting that in acc<udance with 
equations (10) and (10*) a shift of focus away 
from Hj, will introduce a term in Y® into the 
equation of the wave-curve. Strictly speaking, 
the terms in. Y* and Y® would bo slightly 
changed at the same time, but if the residual 
aberrations are as small as they must be if an 
instrument is to be of practical use, this small 
change may be safely neglected. A somewhat 
complicated investigation of the minimum 
problem involved loads to the result that the 
residual differences of optical paths become 
the smallest possible if the point D is so 
selected (which in the use of the instrument 
is done automatically and unconsoi ously simply 
by searching for the sharpest image) that for 
point D the residual wave distortion is of the 
form 

0rD= - li0PD^.(^J%30rD„,(|^) 

This gives the same highest value = - JOPDpi 
for half and for full aperture and zoro-value 
in the axis and at of the full aperture. 
The residual phase- differences in tho case of 
zonal aberration at the best focus are there- 
fore only one-eighth of the amount found by 
(10**) for tho marginal ray. As, in iiooordanoe 
with tho Rayleigh limit, a dilforonoo of one- 
quart.er wave-length may bo allowed, it follows 
that in lens sys-^ms suffering from ordinary 
zonal aberration (that is Y® aberration in tho 
absence of sensible amounts of still higher 
aberration) tho 0?I)„, calculated by (10**) 
may bo allowed to roach two whole wave- 
lengths, This result also has boon tested and 
confirmed by a large number of successful 
lens designs based upon it and more recently 
by direct integration for the complete light 
distribution at the best focus. 
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In the more usual purely trigonometrical method 
of designing lens systems the zonal aberration is 
searched for by tracing a third ray through of 
the full aperture in addition to the paraxial and 
extreme marginal rays. As is easily shown, the 
zonal longitudinal spherical aberration reaches a 
Ty)n.YiTTm m at Y — *7071 Yj if aberrations higher than 
the y® term are absent. The amount of this zonal 
longitudinal aberration corresponding to the Bayleigh 
limit can be investigated in a manner similar to that 
employed above for ordinary spherical aberration. 
The result arrived at is that the longitudinal aberra- 
tion for the *707 1 ray may reach times the amounts 
of the LA' stated in Table I. The corresponding 
geometrical “circle of least confusion” measures 
about nine times the resolving power of the system, 
so that ''the geometrically estimated size of the imago 
is even, more misleading in this case than in that of 
ordinary spherical aberration. 

The analytical method of removing the fourth 
order aberration completely leads to a -wave-distortion 
of the simple form 

OPD3,=fcaY®, 

jfcg having very nearly the same value as it would 
have if the feigonometrical method were adopted 
for the same system. A better focus can be found 
in this case at some distance beyond the paraxial 
one, but the residual differences of phase at this 
best possible focus are found to be 0*16 times as large 
as those existing at the best focus of a trigonometri- 
cally corrected sys-tem. As the zonal aberration 
grows with the 6th power of the aperture this means 
that a trigonometrioally corrected lens system may 
be given ,J/6-16=l-36 times the aperture possible 
with an analytically corrected system of the same 
type. 

(iii.) The Rayleigh Limit for Higher Zonal 
Aberration . — ^In microscope objectives of NA 
exceeding about *4 the Y® aberration can be 
controlled. Its negative value in objectives 
of low is due to the excessive marginal 
over-correction produced by the dispersive 
contact surfaces. This effect is always present, 
hut when the NA is large and the usual plano- 
convex front lens is adopted, then very large 
angles of incidence accompanied by heavy 
spherical under-correction occur at the first 
plane surface of the system. The positive Y® 
aberratiou produced at this surface can then 
he played out against the negative Y® aberra- 
tion of the corrective contacts, and by securing 
a suitable free working distance any desired 
balance may be struck. In the purely trigono- 
motrical method of computing objectives it is 
usual to aim at union in one point of the rays 
passing through the paraxial, the marginal, 
aud the *7071 zone of the full aperture. It is, 
however, both simpler and leads to a closer 
knowledge of the residual aberrations to calcu- 
late a paraxial and a marginal ray and to 
bring these to a common focus and then to 
aim at making the OPD=zero for the com- 
puted marginal ray. If only Y* and Y® 
aberration were present the correction would 


then be perfect. In reality the higher aberra- 
tions come in in rapid succession. A balance 
can then be established between the and 
Y® aberrations which are under control and 
the still higher aberrations which cannot be 
controlled. A full discussion is only possible 
by making the assumption that Y® abenntion 
is the only one of sensible magnitude. This 
certainly is only a rough approximation, and 
for that reason the discussion must not be 
taken as absolutely trustworthy. 

It is assumed that the wave-distortion is 
of the form OPD^ = jfciY4 4-;tjjYO-i-fc3y®. The 
correction stipulated is that the OPDj,i for 
the computed marginal ray shall bo zero, and 
as the geometrical aberration is also removed 
for the same ray £2(OPDj,i)/dY, will also he 
zero in accordance with equation (11). This 
gives the two equations, 

W-fW-hW-O, 

and 

+8W=0, 

by which and k^ can be expressed in terms 
of ^ 3 , namely 

kj^=k^Y,% and A‘2 = I’3 Yi2. 

On putting this into the general expression 
for OPTj, it becomes 

- 2A!3Yi^Y® -H/hY®, 

and this is zero for Y=0 and for Y = Y^, and 
has a maximum value for Y = *7071 Y^ and 
a minimum for Y=Yi. Tor the latter the 
OPT is, of course, zero. Tor the maximum 
at Y = -7071 Yi the value is 

The residual greatest phaso-differonoo at 
the computed focus is therefore of the 
total Y® aberra- 
tion present in 
the system. The 
curve represent- 
ing this wave is 
shown in Fig. 9. 

No improve- 
ment can he made 
in this Case by 
a shift of focus. 0- 

But as the zero- 

value of the OPT at the computed aperture is 
a minimum, the wave-curve bends again away 
from the ideal wave beyond the computed 
aperture, and the aperture may therefore bo 
increased up to the point where the OPT 
reaches the same value as at -7071 Yi without 
any increase in the maximum phase-difieronccs 
at Dp. It is easily ascertained that the general 
expression for OPD^ reaches the value 
again at Y=l:10 Y^. Systems in which 
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this highest correction is aimed at should, 
the efore, have the “ marginal ” ray traced 
through of intended full aperture. 
The advantage secured in this way is far 
greater than it would appear to be at first 
sight, for at Y = MO the Y® aberration, 
which is the one beyond control by which 
the attainable NA is limited, will be (1*10)® 
=2-144 times as large as at y=l*0O. By 
establishing the stipulated corrections for 

of the intended full aperture, the fraction 
of the Y® aberration present in the real 
marginal zone which becomes effective at the 
focus therefore sinks to 1/(16x2-144) or to 
7^*1 part. The Y® aberration at the extreme 
margin might therefore reach J of 34 or 
8J- wave-lengths without transgression of the 
Eayleigh quarter- wave limit. 

Whilst a highly favourable balance of the higher 
aberrations is sure to be ostabUshed by the above 
method, no clue is afforded by it as to the amount 
of Y® aberration which may bo present. This may, 
however, be closely estimated by noting that at 
aperture the Y* aberratiou is exactly equal to the 
Y® aberration. The Y* aberration can be deter- 
mined with sufficient approximation by reducing 
equation (10**) to first order terms by putting 
sines equal to angles and cosines equal to one. It 
then becomes 

Paraxial «')» 

and if this is calculated with the nominal paraxial 
angles stipulated in. the trigonometrical part of this 
article it will by summation over all tho surfaces give 
the required indirect estimate of tho Y® aberration 
of tho computed ray. As of this appears as wave- 
distortion at the focus, this paraxial OPD,„ sum may 
be allowed to roach 4 wave-lengths, but, on account 
of tho uncertainties introduced by the presence of 
still higher aberrations and by the rough method 
of estimating the Y® aberration, it is highly advisable 
to restrict the paraxial OPT^i to a maximum value 
of only two wave-longtlis. This would leave no 
reaaonablo doubt as to fulfilment of tho Rayleigh 
condition. 

There is no definite method for gaining control 
over aberrations higher than Y® ; if one wore found, 
then it is an obvious deduction from tho preceding 
paragraph that paraxial OPDTn*=0 would bo a 
convenient and effective additional condition to bo 
fulfilled. It would still call for the tracing of only 
two rays through the system. 

§ (11) PoGAL Eanoh and Depth op Focus. 
— ^A very important application of the Ray- 
leigh limit leads to the determination of the 
range within which the focal adjustment of 
an optical instrument may vary without 
sensible loss of definition and conversely to 
the fixing of the “ depth of focus,” that is 
the distance from the nearest to the farthest 
object which can be seen sharply at any one 
focal adjustment. All that is required is to 
discuss equation (11*) 

0PD = 0PD„-irf/(|)* 


on the supposition that OPDp has a fixed 
value, and that df is subjected to variation. 
The discussion is simplest for a perfectly 
corrected instrument in which OPD^ is zero. 
The Rayleigh limit of J wave-length will then 
apply to OPD, hence 

y) ’ 

By comparison with the permissible LA' 
in the case of simple spherical aberration the 
value of df is seen to bo J of that found for 
LA'. But df may obviously be applied on 
either side of the geometrical sharp focus, 
hence for a perfectly corrected instrument 

Tocal Range = J of the LA' in Table L 

The testing of this result hy direct integra- 
tion brings out the same remarkable fact, 
which also appears in aU the other tested 
cases of a phase - difference equal to the 
Rayleigh J wave-length, namely, that the 
small deterioration of the image as compared 
with Airy’s ideal spurious disc is limited to a 
loss of brightness in the central condensation 
(which nearly always is the only part appre- 
ciated by the eye) but does not affect its 
effective diameter. Within the Rayleigh 
limit there is thus no loss of resolving power, 
but only a moderate loss of brilliancy and 
contrast in the image. On the average (the 
figures vary sensibly for different cases) the 
loss of light from the central condensation at 
the Eayleigh limit is 20 per cent. This 
remarkable and most valuable peculiarity is 
maintained up to about twice the Rayleigh 
limit : the central condensation still maintains 
its small diameter, but at the doubled limit 
sinks to about 45 per cent of the ideal 
maximum brightness, all the light lost in the 
central condensation appearing in a faint 
halo and in the more or loss distinct diffrac- 
tion rings. For this reason all the tolerances 
deduced above may be doubled m case of 
extreme necessity, still without serious loss 
of resolving power on detail possessing 
sufficient contrast. The focal range becomes 
quite large at high //numbers as it grows with 
their square. Thus in photomicrography the 
cones converging towards the sensitive plate 
are hardly ever wider than //128, and //400 
may be taken as near the average. Tor //400 
the focal range within the Rayleigh limit is 
625 times the figure given in Table I for the 
LA' limit at //8, or 12*6 inches. It is there- 
fore quite unnecessary to focus on ground 
glass in order to localise the image. Equally 
good results will be obtained, with a great 
saving of time and eyesight, by focussing 
“ in the air ” with a weak magnifier (strong 
reading-glass) hold at about its focal length 
from the eye and adjusted by guess for focus 
in the plane to be occupied by the photo- 
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graphic plate. The image seen in this way 
will have many times the brightness of that 
seen on. ground glass, and the detail will not 
be obscured by the grain of the focussing 
screen. 

When there are sensible difEerences of phase 
due to spherical abenation at the best focus, 
then the focal range is necessarily correspond- 
ingly reduced, and this reduction is in fact 
the chief drawback attaching to residuals of 
aberration up to the Rayleigh limit. If the 
aberrational differences of phase can be 
restricted to half the Rayleigh limit the loss 
of focal range is unimportant, and if only 
one-q[uarter of the Rayleigh limit is used up 
to cover aberration the loss of focal range is 
quite insensible. 

The comparison of the physically deter- 
mined light distribution near a focus with 
that suggested by purely geometrical ray 
tracing yields remarkable diagrams. The 
upper part of Fig, 10 shows by the two inclined 



^ Doubled Rai/Iefgh limit “*j 


Fia. 10. 

straight lines the limits of the geometrical 
cone of rays in the absence of all aberration. 
Integration of the interference effect loads to 
the concentration of all the normally appre- 
ciated light between the two parallel linos, 
which only begin to spread out at the doubled 
Rayleigh limit. The lower part represents 
the case of simple spherical aberration at the 
Rayleigh limit. The inclined lines represent 
the rays from half and full aperture respect- 
ively, the intersection of which determines 
the geometrical circle of least confusion. The 
physically determined light distribution is 
represented by the close parallel lines which 
lie entirely to the right of the geometrically 
determined supposed best image and enclose 
a cylinder of only onc-quartcr the diameter of 
the circle of least confusion. 

It is noteworthy that Taylor, in his System 
of Applied, Optics, called attention to this 
cylindrical constriction of the light near a 
focus as an observational fact worthy of 
theoretical investigation. Any keen observer 
can easily verify it. 


The depth of focus in Uio object Hpac^e iniiy bo 
deduced directly from the focul raiigt' in the iniag(» 
space by the ■woU-knowu theorem that tho magiiliicti- 
tion ill dopdi (along tho (>pti('!al axis) iH -^the siimiro 
of the linear magnification. I’lih, how(wer, bocomcH 
inaccurate for high numerical apert-uroK, an<l it in tluui 
desirable to dotormino df at the obji‘olf directly by 
the strict formula from which the al)()ve (h'diictionn 
were derived: 

Difloronoo of phiwo=--2d/Hin“ . 

On tho Ride of tho object tho angle DD^IV is sin^^NlA 
if the object is in air, or NA/N if tho obj(‘ot 
lies in a medium of index N. In the latUu' <‘aH(» tl«i 
wave-length nt tho objc’iot will also ho sliorh'ned in 
the proportion of 1 to N, heuco the univt^rsally 
applicable ociuation for df will be"* 

Allowed dilforiwico of plnwe 
2NflinMi«n-i(J^A/N)) ’ 

in wMch tho dilfcronoo of phaH(» (aeeonling to 
Rayleigh wave-length) niuHt bet inciiHured by tho 
wave-length in air. Tlio range* dj may bt' allowt*^! on 
either side of the sliarply focuHSod objcict, Ikmuio for 
tho Rayleigh limit 

^ , -OOOOOr) inch 

Thifl gives for tho numerical apertunw ntatoil in tlio 
first horiaontal lino the valucH in Taldo U. for wave- 
length •00002 in. (bluish groen) ; 


Taulm II 


Kumoiical 

Dciptb of Kooui 

of PotiUR In 

A^wirturo. 

In Air. 

.M^^illntii Ilf I'A IniloK, 


Ititili. 

in<ih. 

•25 

•000312 

•IKHM70 

•60 

•tHK)()76 

•(HK)117 

•75 

•000030 

•(HHM)r>0 

1-00 

. . 

•(MKM)20 

1-25 


•(KHH)I5 


The small values of the <l(‘i)th of fo<’us 
explain tho nocossity of adduuiio, flue ndjusi- 
naent for tho foouHsing of iniciroHoopes, T’hf^ 
amounts given in the tiibh*^ arc availahlo oven 
in tho case of projection of the imago upon 
a fixed soroon or photograpliit^ plate. In 
visual observations thorn is an additional 
amount of depth of focnis <lue to tlie nuigo of 
accommodation of tho human thin is 

dealt with in the intrediKJtion. 

§ (12) Tio OrTKJAi. Kink {k>Ni>moN.—' 
Although most porfccstly freed from 
aberration, a nuc!r<)B(i(>i>e obj(K!tiv(' may Ix^ 
utterly useless on account of eonia in the 
images of objects not lying exaet-Iy in tli<' 
optical axis. In niieromtoix^ obj<*ctivoH <»f 
high numerical aperture tliin defect reach 
such oxtraordiniiry magnitude that tli<^ 
theoretical resolving ])ow'er tiiay only be 
realised if tho two close points arc 
symmetrically to either side of tlu* optical 
axis. Tho removal of coma is then^fore 
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a'bsolutoly indiaponsable. Uatil 1873 this 
called for laborious calculations or else for 
anmorous empirical trials of experimental 
lenses. In that year Abbe and Helmholtz 
simultaneously but quite independently an- 
nounced the remarkable theorem known as 
the optical sine condition, by which the 
detection of coma is reduced to an almost 
negligible amount of computation. The 
theorem states that when any centred lens 
system causes a ray starting under an angle 
IJ from an axial object-point B {Fig, 11) to 
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reach the trigonometrically determined image- ' 
point D under angle U'', then the ratio 
N sin U /N' sin XJ' will be the magnification of the 
imago produced in the plane of D of a small 
object near B and in the plane passing through 
it at right angles with the optical axis. N" 
represents tho refractive index of the medium 
surrounding the object, and N' the index of 
the medium in which the image is formed. 
It follows at once that if zones of tho lens 
system of greater or smaller diameter are 
considered, they will give an image of the 
same size only if the ratio N sin U/N' sin V' 
is constant throughout the full aperture. All 
that is required in order to remove coma in 
the small field employed by microscope and 
telescope objectives is therefore to form the 
ratio N sin U/N' sin U' for every computed 
ray (usually the paraxial and the marginal 
{>ne), and to modify the system until this ratio 
attains tho same value for tho several rays. 
This is in fact the universal practice of^ de- 
signers of toloscopo and microscope objectives, 
and it is very rarely tho case that any suspicion 
of residual coma can bo detected in systems 
thus oorroctocl. Whoa this happens it is due 
either to zonal variation of the sine ratio or 
to higher forms of coma which grow with the 
third power of tho diameter of tho field and 
arc not included in tho theorem. The latter 
covers all orders of simple coma growing in 
direct i)roporti()n with the diameter of the 
field. 

Many proofs have been given of this re- 
markable theorem, but most of them are 
either incomplete or of a highly involved type. 
Tor a simple and yet valid proof reference is 
made to a paper by Conrady in Monthly 
Notices of for March 1905. 

§ (13) The Cheomatio Coreeotion of 
O uoTBor Glasses.— All, tho ray-tracing equa- 


tions which have been given involve the re- 
fractive index of the lenses of which a lens 
system is built up. As the refractive index 
of any given glass varies for light of difierent 
colour and wave-length, the conclusion is 
obvious that the location of the final focal 
point, the magnification, and the spherical 
correction will also, as a rule, vary according 
to the colour of the light. Owing to the 
comparatively small change of N in the 
visually bright part of the spectrum (averaging 
less than 1 per cent of N between the C and 
F lines) and the pronounced maximum of 
intensity at the middle of this short range, the 
variations of magnification andspherioal aberra- 
tion are usually small and can be neglected 
in systems of low aperture, or treated by a 
lower approximation than that required for 
the spherical correction of the brightest rays 
in systems of high aperture. 

The makers of optical glass supply with each 
melting a table giving the refractive index 
for the D-line, the dispersion N^. - Nc=dlSr 
between the C and T lines, between 

I) and F, and under the symbol small G-reek 
V, the ratio of (N^-1) to (Ny — NJ. 
for the blue end of the spectrum is also 
frequently given, G-' being the adopted symbol 
for the dark-blue hydrogen line close to the 
solar G-Une. Other indices have to be found 
by interpolation. The best formula (Oonrady, 
Monthly Notices, B.A.S., 1903) for this 
purpose is 

N = Nro 

in which Nq represents the hypothetical index 
for infinite wave-length, w the reciprocal of 
the wave-length expressed in /x (*001 mm.), 
for which N is to be determined, and a and b 
constants for any one gloss. By writing out 
this formula for the values of N usually given 
by the glassmakers (C, D, F, and G'), and 
introducing on the right the corresponding 
numerical values of w, Nq, a, and b can be 
solved for in terms of the usual data, and -are 
found as 

No=N«-"[-84895](N/-No) 

-H['92452](N',-N^), 

a= [■69108](N, -Nc) - [■81775](N',-N,), 

5= - [9-29980 -10](Ny.- No) 

-l-[9-(i3529-10](N'^-N,). 

Tho figures in square brackets are the loga- 
rithms of the numerical factors, which are 
more useful than the factors themselves. 

For the whole range of ordinary optical 
glasses this interpolation formula gives indices 
agreeing with iroct determinations within 
one or two units of tho fifth decimal place 
throughout the visible spectrum. On the 
basis of the nature of the secondary spectrum, 
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the formula can be discussed so as to determine 
the wave-length for which a lens system has 
rainimum focal length when the C and F 
rays are brought to a common focus in accord- 
ance with almost universal custom based on 
long experieuce. This wave-length of the 
visually most important rays is thus found as 
5555 Angstrom units, and the corresponding 
index can be determined accurately by 

N6565=N^ + *2167(N/ - Nc) - •0474(]Sr% - Ky), 

or with nearly always sufGicient approximation 
by the extremely simple formula 

i^« 56 =Ncr+-- 188 (N,-N,), 

which is obtained from the more accurate 
one hy iatroduciag *586 as an average value 
of the ratio {Wg - N<,), from which 

the latter does not vary for practically useful 
glasses by more than about ±6 per cent. 
Decidedly better results are obtained by 
carrying out the main calculation of lens 
systems for fulfilment of the sine condition, 
and freedom from spherical aberration within, 
the Eayloigh limit with this index for visually 
brightest light obtainable by a single shdo- 
rule setting iustead of the widely used 

§ ( 14) GBOMETarOAL CORREOTION OB' THEE CHRO- 
MATIC Aberratioit. — Ray-tracing methods for 
dealing with the chromatic aberration must 
be devised with due regard to the variation 
of spherical aberration in different colours, and 
to the existence of the secondary spectrum. 

A first method consists in tracing a paraxial 
and a marginal ray in each of two colours 
near the limits of the spectrum, which is effect- 
ive under the given conditions. C and F 
are generally best for visual purposes, D and 
Gr' for systems intended for photogra£)hy at 
the visually determined focus. It will nearly 
always be found that the four rays cannot bo 
brought to a common focus ; the best that 
can be done is to allow spherical over- correc- 
tion for one (practically always the more 
refrangible) colour and spherical undor- 
oorrection of nearly the same amount for the 
other (less refrangible) colour, and to bring 
the four intersection points within the smallest 
possible space along the axis, and to the most 
symmetrical distribution, which will be usually 
the sequence, counting in the direction away 
from the lens system: blue paraxial focus 
closely followed by the red marginal focus, 
after a fairly considerable interval the rod 
paraxial focus, and closely beyond the latter the 
blue marginal focus. As the differonco in the 
spherical aberration for the two colours is almost 
entirely of the primary order, this arrangement 
of the foci implies that the red and blue rays 
through the *7071 zone would be found closely 
united at the midway point. The chief draw- 
back of this method of carrying out the 
chromatic correction is, in the case of micro- 


scope objectives, that the criteria for the 
Rayleigh limit cannot bo conveniently ai)pliotl 
on account of tlie residual longitudinal 
spherical aborraiion in both colours. Its 
advantage is that tlio spheT*ical variation of 
chromatic aberration is doterrnined directly. 

A bettor method ct>nnists in the tracing of 
a paraxial and a marginal ray in brightest ” 
light, as dofinod for visual |>ur poses by the 
simple interpolation formula given above, 
and in establishing poifoct corrcctirm of the 
longitudinal spherical aberration for these two 
rays. To correct the cliroinatio aborratit)n 
two rays of different colour (C and F for visual 
purposes) are traced through the -7071 zone 
and brought accurately to a common focus. 
On account of the secondary flpc<jtrutn the 
latter will lie at some distamso beyond the 
focus of the brightest light. In. this case tlio 
criteria for the Rayleigh limit can be ai)plie(l 
to the brightest light. The Hi)hcrical variati<»n 
of chromatic aberration in, however, not 
revealed. 

A very oonvoniout simplifioation of the preceding 
method results if the cflect of the Hccoiulary Hpeclrum 
is ©liminatod from the ailciUation (it of couiho n^mains 
in the actual lotis system) by coupling with the 
calouliition of the paraxial and marginal “ brightc'Ht ” 
rays one fiotitioiia “ violet ” ray tnuud through tlm 
•7071 zone, the Nt, used Ixung <^^^t('^minod for ©iioh 
glass 08 the sum of itH index for brighteHt light j>hu» 
its dispersion between 0 and F. In this motluxl 
the thro© oompntod rays can bo brought accurately 
to one oomraoti foous. It can be conluU^ntly rwom- 
mended for all ordinary purposew aud for low-power 
microscope objew^tives if a purtdy rny-t.ra<^ing mcfchcKl 
is preferred for any n^ason to the more e.Kjwtlitioua 
and physically soniul optical path method now to bo 
given. 

§ (15) PnVRIOAl/rRWATMKNT OK THU CHROM- 
ATio Abrhration. — Rofoning back to Fiy , 2, 
but assuming that the object-point O s<m(l 
out white light eom|)OHo<l of all colours of the 
spectrum, the different vcdocitic^H of i^roj^agathm 
of these colours in any lens of the systoin. 
and along axial and marginal pat.hs iu it of 
difforent length, will iu general oaiiHO (MiiergcMice 
of waves of varying curvat\ire cu)rr(‘Hj)oncling 
to the separate colours. 'I’ho aim of aehrom- 
atisation is to reduce these viirintiourt of 
curvature to the hiast possible magnitude for 
the range of the spec^trurn which contributes 
most strongly to the tin id image. F tf/. 12, 
an elaboration of Fitj, 2, will make this (i\uto 
clear. If the thick curve W' in the ininge- 
spaco represents the emerging wave of bright^ssb 
light, then in the case of cdiromatic undt^r- 
correotion the emerging more refrnngil)!© WiivoH 
will have a greater (mrvaturc — an<l thcrc^foro 
a shorter intersection length of eorre»pt)n<ling 
rays — and the less refrangible waves will havt^ 
less curvature. By small adju.stnumts of 
relative power of crown and flint oompononta 
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the marginal gap between corresponding waves 
of di£erent colour can be modifieci, and as tbe 
differences of refractive index: for the range of 



colours which calls for correction is always 
small, the rehtive distortion of the waves will 
be only affected to an unimportant extent by 
such a change. Under these conditions reason- 
ing of the same kind as was applied above in 
the application of the Rayleigh limit to the 
problems of spherical aberration and the loca- 
tion of the best focus in those oases immediately 
leads to the conclusion that the best com- 
promise {i.e. the least residual gaps between 
the different waves in the intermeiate zones) 
will be attained if the waves of different colour 
are so adjusted that they intersect each other 
in the extreme margin of the effective aperture 
when they are tangent to each other in the 
axis. This leads immediately to a solution of 
the problem. By the definition of a wave 
surface the optical paths along the geometrical 
rays between conjugate points of two positions 
of a wave are absolutely equal. If the upper 
ray in Fig. represents the trigonometrically 
traced marginal ray in brightest light, and 
di, dg, etc., are successive parts of the axial 
path, Di, Eg, etc., the corresponding parts of 
the marginal path, and if Nj, Ng, etc., are the 
respective refractive indices for brightest light, 
the relation therefore exists for the two paths 
between W and W' 

2(d-E)Nr=0. 

If the lower marginal ray in the diagram is 
similarly regarded as the trigonometrical 
tracing from W to the wave tangent to W' 
in the axis, but of a different colour, and if 
D'l, 1 )^ 2 , etc., are the successive parts of the 
marginal path, and -H Ng etc., the 

respective indices, then for this coloured wave 
the corresponding relation exists 

S((^-r>')(NH-(2N)=0. 

The discussion of the two sums would still call 
for the trigonometrical tracing of the two rays 
of different colour on account of the difference 
between the corresponding D and E'. At 
this stage Termat’s “theorem of the minimum 
optical path,” as it is loosely called, becomes 
available. According to this theorem, the 
optical path of light between two points as 
determined by the law of refraction, that is 
by exact trigonometrical ray-tracing, represents 
a maximum, minimum, or stationary value 
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with reference to all alternative closely neigh- 
bouring paths. These neighbouring paths 
therefore can at most differ by small quantities 
of the second order if they are everywhere 
within small distances and at small angles of 
the first order compared to the computed 
path. It follows that if dN represents a very 
small increment of IST, then the differences 
between the corresponding sums of D and D' 
values are strictly negligible. But the same 
convenient simplification is found to hold for 
any finite value of dN" which can oconr in lens 
systems. When the difference between a 
trigonometrically determined path and a 
neighbouring path at small but finite distances 
and angles is evaluated it is easily proved that 
this difference will rarely amount to so much 
as wave-length for any thicknesses or 
any angles of incidence that can occur in 
practicable lens systems. The neglecting of 
the difference between each B and the corre- 
sponding D' for each constituent lens or space 
is therefore always legitimate in actual lens 
systems. 

For the ideal chromatic correction shown in 
the lower part of Fig. 12, when the coloured 
and the brightest wave intersect in the 
marginal zone this equality of D and B' applies 
to all sections of the total path. There are 
then the two relations — 

For the brightest light, S (dJ - 1) )N — 0, 

For the coloured light, S(£Z - I))(N dN) = 0, 

and the difference, S(d - l>)dlT = 0, 

embodies the condition to be fulfilled by the 
lens system if the ideal chromatic correction 
is to be realised. 

If the ideal correction shown in the lower 
part of Fig. 12 is not realised there will be a 
marginal gap between the brightest and the 
coloured wave, and for the last section of the 
respective marginal paths there will then he 
a corresponding difference between D and D'. 
If the sum of the (d - I))dl^ is still calculated 
with the B-values for the brightest light, the 
sum will differ from zero by the exact amount 
of the marginal gap between the two waves. 
Therefore this sum is an unconditional measure 
of the residual chromatic aberration of any 
lens-system if pnt into the form 

(d — D)dN = Ch romatio aberration, (12) 

the latter expressed as a difference of optical 
paths. 

The Bonso of the difference (d - E) has been 
chosen so as to give a positive value for a 
simple convex Ions (d > T)) and for coloured 
light nu^rc i*cf tangible than the brightest light 
(dN>0) in accordance with the custom of 
counting cliromatic “ under- eorreotion ” as 
positive in this case. 
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The indices and dispersions supplied by the 
glassmakers are determined in air, and are 
therefore relative and not absolute values. 
This fact justifies to a large extent the uni- 
versal custom in practical optics of computing 
lens-systems mth a total disregard of the 
refractive properties of air. The air is always 
treated as if its refractive index were exactly 
one and its dispersion zero. In evaluating 
equation (12) this means that air-spaces con- 
tribute nothing at all to the value of the 
chromatic sum, and that the terms (d - 
have only to he calculated for the actual 
simple lenses of which the system is composed. 
When the space between the object or image 
and the nearest lens is filled with a medium 
other than air, as, for instance, with oil or 
water in the case of immersion objectives and 
condensers for the microscope, this space must 
of course be included in forming the sum. 

The only quantity in (12) which calls for an 
addition to the computing formulae is h. By 
projecting the D of any one lens upon the 
optical axis it is easily verified that if is 
the depth of curvature caloiilated by (8) of 
the first surface, X that of the second surface, 
and TJ the angle of convergence of the marginal 
ray, then 

D=(f?-t-X-Xo)secU. . (12*) 

This formula also covers the case of the 
space between the object-point and the first 
lens surface of an immersion - system, by 
looking upon this space as a lens consisting 
of immersion-medium and of a thickness equal 
to the distance from the object-point to the 
pole of the first actual lens surface. Xq is 
then obviously zero and the formula becomes 
simplified to that extent. 

A veil-handled slide-rule is generally suf&cient for 
the worMng out of the (d — D)(fNr sum, because the 
dN supplied with optical glass are neither determined 
with sufficient accuracy nor sufficiently constant for 
different plates of the same melting to he depended 
upon beyond about 1 part in 600- Unusually thick 
lenses wiU, hovever, call for closer calculation, as in 
their case the percentage uncertainty of (d-D) -will 
be much higher than that of D. Even then the 
slide-rule may be used, provided that U is reasonably 
small, by calculating directly 

d - 1) = ( X 0 - X) sec U - see U - 1 ), 
in which the great thickness appears with a very 
small factor and influences merely a small oorrection. 

In practice the {d - D)dN is calculated for visual 
mstruments with as given by the makers 

and for photographic systems with dN'=N'j,-Ncj. 

§ (16) The RA.TLBiaH Limit for Chromatic 
Aberratton-.— A s by (12) the(d-D)dN sum 
expresses directly the difference of marginal 
optical paths for the directly traced “ bright- 
est ” ray and for the coloured ray of a 
different refractive index, it is at once apparent 
that the sum may he allowed to differ from 


zero-value by tho Rayleigh q uart(‘r- wave 
provided that tho dN used roferH to tho colour, 
most remote from tho brightest, which still 
contributes a sensible amount to tho total 
intensity of tho iinago. In visual instruments 
the light corresponding to the C) and h' linos 
may be taken as roprosenting this limit. But 
as the practice is to use tho whole clisporaion 
between 0 and F as tho value of r/N, whilst 
the visually brightest light corrosponcls to tho 
region about midway between Cl and a value 
of the (d— B)(N/ - N(,) sum of half a wave- 
length will correspond to tho Rayleigh limit 
for either 0 or F light at the focus of the 
brightest light. For visual instruments of 
moderate aperture, in which the spherical 
variation of chn^matic aberration may ho 
assumed to be unimportant, tho Rayleigh 
limit therefore corresponds to 

2(d - I))(N, - No) = i -ODOOl d .00025 mm. 

As in the case of the 8])hcrical tolcrancHMS 
previously discussed, this a|)parcntly iiiinuto 
latitude in tho value of tho chromatic sutn 
really amounts to an extremely generous 
allowance. When it has to be drawn upon 
in order to improve the (correction of other 
aberrations in systems of few surfaces (and 
it should, of course, b(^ takcui advantage of only 
for some good and sufliciont reason !) it is 
usually used up in one of tho constituent lonw^s- 
Now {d - D) may ho taken roughly as of tho 
order of -1 inch for any one average lens and 
(N_^-Ne) has an average value of *01. Tho 
full amount of (d- 1))(N/ - N<,) for an avc^rnge 
lens is therefore of the order of -OOl in<di. The 
tolerance of d:-000()l inch reprostuits 1 yxir 
cent of this value, so that either the ])ow('r 
of tho lens — which is proportional to (d- 1)) — 
or the dispersion of tho glass may hc^ varied 
to tho extent of j 1 per c^ent wit.lioiit Irnns- 
gression of the Hayleigli limit, and tlu^n^fore 
without sonsiblo loss of defining or resolving 
power. 

In systems of large aperture, which almost 
invariably contain surfaces of clcxq) c’urvatun*, 
tho spherical variation of the chromatit'^ 
aberration roproaented by tlu’i Hcpiiration of 
tho (hfferont coloured wavers in the lowest part 
of Fig. 12 for zones l)ctw<^cn axis and margin 
must bo estimated and r<'istrieted within safe 
limits. 

Owing to tho amallnesH of the variation of 
the refractive index for tho range of colourw 
which call for serious consukTation in any <>ne 
instanoo (C to F for visual instrumenlH), the 
gap^ in question is almost ('ntir<dy dtu^ to 
variation of priwary sph<wi(uU ahorVaiion for 
different colours and (^an be evaluak'd with 
reference to the “ brightest ” wave on the 
principles which wore <m\ployo(l in the section 
on spherical aberration for the delerinination 
of tho gap botwoon a wave distorted by 
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sphericail aberration and the olosost-fitting 
ideal spherical wave. 

As the brightest and the coloured waTe 
intersect each other in the marginal zone, and 
as the gap between them is attributable (with 
sujB&cient approximation) to primary spherical 
aberration, the gap must correspond to an 
equation of the form 

which gives a maximum value of -Jc at 
where Y^ is used as a symbol for 
the full semi-aperture. 

In. the paraxial region only the second term 
will be sensible, as Y/Y^ will be a very small 
fraction. Hence a determination of the 
(d-D)dN sum for the paraxial region will 
determine the second term and thereby the 
value of c. This calls for the determination 
of the neb thickness (d- D) of each lens in the 
vicinity of the optical axis. This is easily 
derived from the equation already used, 

d - D= (Xo - X) sec U - d(aeG U - 1 ). 

Xq-X will be very small and the factor sec U 
in the first term is therefore to be neglected, 
as the term is clearly small of the second 
order. But in the second term d represents 
a constant finite quantity multiplied by (sec 
U-1), which for small angles is small of the 
second order. Both terms of the equation, 
therefore, contribute terms of the second order. 
For the paraxial value of X equation (8p) 

x=i?y(u+’i), 

or, as by liff, 1, 

y=r(w +i), 
x= \r{u 

For small angles (soc TJ — 1) becomes = 
hence the computing formula is 

(d — I))pn,raxial = ‘J^oO^'0 — -Jd. , 

(12p) 

If the zonal chromatic aberration is to be 
determined this equation has to bo evaluated 
for each constituent Ions, just like the marginal 
(d-D), and the sum 

formed. The use in this calculation of the 
large fictitious values of the paraxial angles 
recommended in the first part of this article 
is equivalent to determining the term of 
the equation for the gap at full aperture ; 
hence the paraxial (d— I))dN sum gives the 
value of 0 in tho equation for the gap directly 
without any further reduction. As tho 
maximum width of the gap has been deter- 
mined above as equal to Jc, ono-quartor of 
the paraxial (d-D)dM sum roproHonts tho 
maximum distance between tho red and blue 
emergent waves, both of which will bo at 


approximately half this distance from the 
“ brightest ” wave between them. In accord- 
ance with the Bayleigh limit the paraxial 
(d-I>)dM sum may therefore bo allowed to 
reach I or two entire wave-lengths. The rule 
to be followed in those cases of zonal variation 
of the chromatic correction is, therefore : 

(a) Bring the (d - D)dN‘ sum to zero-value for 
the marginal ray by suitable changes of radii, 
thicknesses, or separations, or by selection of 
glass of appropriate dispersion. 

(b) Calculate the (d-D)dN sum for the 
paraxial region with tho aid of (12p). If it 
does not exceed two wave-lengths (-00004 inch), 
tho zonal chromatic aberration will be within 
the Rayleigh limit and practically insensible. 
Objectives which fulfil this or an equivalent 
geometrical condition, arc now usually described 
as semi-apochromatio. 

§ (17) Thi Secondary Spboirtth. — The 
(d - 3))dN method of dealing with the chromatic 
aberration supplies by far tho simplest and 
clearest means of demonstrating and evaluating 
the so-called secondary spectrum of all lens 
systems made from the ordinary optical 
glasses. 

As the (d-t)) value of the separate com- 
ponents of a system may by Fermat’s theorem 
be treated as practically constant for the 
whole visible spectrum, it is at once seen 
that if (d - D)dN has been made zero for two 
selected colours, it would also be zero for 
other colours if tho dM- values for other colours 
of all tho varieties of glass used in. the system 
were in a fixed ratio to the respective values 
of dN for the originally selected colours. There 
are no glasses suitable for use in microscope 
objectives which fulfil this condition. As an 
example, two glasses largely used in microscope 
objectives may he taken from Chance’s list — 

No. 6493 Nd=:l-5J00 Ny- 1^0= -00809, 

No. 337 l-(i4(i0 -01917, 

N,-Nd=-0()567 -00454, 

-01 370 -01170, 

or ratio of dispersions 

2 - 37 , 243 , 2 - 58 . 

It is soon that tho ratio of flint to crown 
dispersions increases greatly towards the 
violet end of the spoctnim. To estimate the 
resulting confusion of i)haRo for D and G' 
when F and 0 have boon brought to a common 
focus, it is beat to calculate from tho ratio in 
tho F - C region what the disi)oi*Hion of the 
crown-glass ought to be to establish propor- 
tionality. Tho result is that to remove the 
secondary spectrum the crown ought to have 

N/ - -00809 NT/ - Nd=.-- -00581 

* 00494 , 

or an incrcaHo of 

•OOOOO, -00014, -00040. 



m 


MICROSCOPE, OPTICS OF THE 


These differeaces, multiplied by the (cZ-D) 
value of the crown, give directly the secondary 
spectrum efiect as a difference of optical 
paths. Now it may be taken that the total of 
{d — D) values for the crown components of an. 
average microscope objective is about *15 inch.. 
Therefore the secondary spectrum efieot in 
terms of optical path is, referred to the 
combined E and C focus, for the D-line 
•00014 X *15 =-00002^=1 wave-length, for the 
G'-line -00040 x -15 =*00006'' =3 wave-lengths. 

In reality one observes close to the foc^s of 
the brightest light which is nearly enough (for 
the present purpose) at D. Referred to this 
the E and C rays will arrive with a marginal 
difference of phase of one wave-length and 
the G' rays with one of four wave-lengths or 
respectively four and sixteen times the Ray- 
leigh limit. This demonstrates the extreme 
seriousness of the secondary spectrum in cases 
when a long range of colours comes into 
action and the dSdculty of obtaining good 
photographs with “achromatic” microscope 
objectives. Practically no advantage results 
from substituting other ordinary optical 
glasses for the two selected above. But very 
different conditions are found when the mineral 
fluorite is substituted for the usual crown- 
glass and dense crown or very hght flint-glass 
for the usual dense flint. 

Fluorite : Nd = 14338 Ny-Nc= ‘00464, 
Telescope-flint : 1-6237 -01003, 

Ni = -00321 N'^ - N/ = -00266, 
-00708 -00676. 

Ratio of dispersions : 2-21 , 2-205, 2-245. 

Calculating what the fluorite dispersions ought 
to be for perfect proportionality, the result is 

Ny - Nc = -00464 Ny. - Nd = -00321 -00260, 

or an increase of 

-60000, -OOOOO, -00004. 

The total (d-D) value of fluorite in an 
apochromatic objective would, however, be 
larger than for an achromfitio objective and 
may be put at -25 inch, which leads to 
practically perfect achromatism for the entire 
0 to P region and a secondary spectrum effect 
of *00004 X -26 =-00001"= half a wave-length 
for G'. Even G' is therefore at the doubled 
Rayleigh limit which still gives a decidedly 
small and reasonably bright image of a point. 
This shows that a very great improvement can 
be effected by the proper use of fluorite in 
microscope objectives. But it must he borne 
in mind that the advantages will only be 
realised if the correction of the zonal spherical 
and chromatic aberrations is of a correspond- 
ingly high order. Gearly realising this, Abbe 


from the very first coupled removal of those 
zonal aberrations, which can reach astounding 
magnitude in microscope objectives, with the 
demand for removal of the secondary spectrum, 
and reserved the name Apoohromat for systems 
which fulfil all three conditions. Objectives 
improperly called apochromatic are q_uite 
freq^uently met with, which when used with 
nearly their full aperture arc easily beaten 
m visual observations and even in photo- 
graphic work by carefully computed and made 
true semi-apochromatics of ordinary optical 
glass. 

§ (18) The Cheoma.tio Variatiok of 
Magnification. — At the present time all 
microscope objectives of loss than inch 
equivalent focal length have an unachromatic 
simple front lens followed by chromatically 
over - corrected back - combinations. Fig. 13 
represents the simplest possible (and for low 
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powers quite a useful) representative of this 
type. A white ray starting from the axial 
object-point O under angle U will evidently 
be spectrally decomposed by the unachromatic 
front lens, and as a consoquonco the more re- 
frangible components will reach the chromatic- 
ally over-correctocl back lens at points closer 
to the optical axis than the points at which 
the less refrangible roach the back Ions. If 
the system as a whole is achromatic for the 
image-point O', all the component colours of 
the original white ray will bo brought together 
at O', but will necessarily roach it under angles 
steadily diminishing with the rcfrangilnlity of 
the colours. By the sine condition the magni- 
fication produced at O' will be sinU/sinU', 
and will bo largest for the most refrangible, 
smallest for the least rcfrangihlo rays, with 
the obvious result that oxtra-axiaf object- 
points will bo rendered not as white points 
but as short linear spectra with the violet 
end farthest from the G])tioal axis. If the 
front lens consists of glass of high dispersion 
and is widely separated from the corrective 
back-combination, this chromatic difference of 
the magnification may reach several per cent 
of the moan amount and will emphatically 
call for correction if it approaches or exceeds 
1 per cent. It can be corrected iu the objective 
itself, as shown in Fig, 14, by the addition 
of a final widely separated uncorroeted or 
chromatically undei-uorreeted k'lns so calcu- 
lated that by the action of a heavily ovor- 
correctod middle combination the diK])orfl0(l 
colours are caused to meet in the final lens 
and leave it as a reconstituted white ray 
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proceeding towards O'. Al)bo designed some 
experimental systems on this principle, but 
it is new invariably preferred to effect the 
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remarkable Petzval theorem. In its original, 
and hitherto the only generally recognised, 
form this theorem, states that if a centred lens 
system is free from spherical aberration, coma, 
and astigmatism, then the residual curwature 
of the image of a radius R'i is determined hy 

1_1 ^N-l/l 1 \_ 1 1 

B'i-Ri ^ If 


correction in the eyepiece by giving to the 
latter chromatic difference of magnification 
equal in magnitude but opposite in sign to 
that of objectives constructed according to 
15. 

When the chromatic difference of magnifica- 
tion of an objective is to be accurately deter- 
mined, as it should be in. the case of apo- 
obromatio systems, the best method consists 
in tracing a coloured ray right through at 
sJi‘ of tlio full aperture used for the principal 
calculation. 

§ (L9) Tub Aberea-tions op Obliq^t-b 
Peinoils. — microscope ohjeotive si)horioally 
and chromatically oorreotod in accordance 
with the preceding sections and fulfilling the 
sine condition will nearly always give satis- 
factory results throughout the field of small 
angular extent which is normally utilised. 
Nevertheless the outer part of the field of 
low-pow’er eyepieces frequently shows un- 
pleasant indications of the ourrature of field 
and of the astigmatism, which are two defects 
of extra-axial imago- points incapable of full 
correction in microscope objectives, and 
which aro, partly for that reason, but chiefly 
on account of the heavy labour involved in 
their dotormination, usually loft entirely un- 
oonsiderodL in the design of such objoctivos. 
Astigmatism causes extra-axial image-points 
to degenerate into an imperfect concentration 
of the rays which is charaotorised by the 
oxistonoo of two focal linos instoad of one 
sharp focal point, one of those focal linos 
lying in a tangential dirccti<jn with reference 
to the centre of tho field, and being thoroforo 
called tho tangential fiscal line, whilst tho 
other lies at a disbanoo from tho first depending 
on the magnitude of the astigmatism, is 
diroctod towards the centre of tho field, and 
is therefore oallod the sagittal focal lino. If 
the astigmatism is “pure,” then tho focal 
lines are perfectly sharp straight Hues, and 
all tho rays pass through a small circular disc 
midway between tho two focal linos, whilst at 
all other points the cross-section of tho 
complete pencil ef rays is elliptical. In many 
eases the astigmatism can he removed by 
suitable constructional modifications of tho 
lens system. Another defect then remains 
(with rare exceptions), namely, curvature of 
tho field. This curvature of the field in tho 
absence ot astigmatism is determined by tho 


in which stands for the radius of the surface 
on which the original object-points lie. The 
sums have to be taken for all the constituent 
simple lenses of which the system is built up, 
N being the refractive index, and rg the first 
and second radius of curvature, and the 
focal length of an infinitely thin lens having 
these radii. Tho remarkable feature of the 
theorem is that the curvature of the image 
is proved to bo totally independent of the 
thiclmess and separation of the constituent 
leases and also independent of the conjugate 
distances of object aad image. 

It has recently boon pointed out (Conrady, 
Monthly NoticeSy M.AS,, Nov. 1918, Nov. 
1919, and Jan. 1929), as an almost obvious 
deduction from tho usual equations for the 
oblique aberrations of centred lens systems, 
that the unsatisfactory “ if ” in the Petzval 
theorem may be avoided and the utility of 
tho theorem may be greatly increased by 
incorporating in its statement the fact that 
in the presence of astigmatism the two focal 
lines always lie on the same side of the curved 
imago surface defined by the original theorem, 
and that tho tangential focal line of any one 
oblique pencil always lies at three times the 
distance of the corresponding sagittal focal 
liao from tho Petzval surface. This extended 
Petzval ihoorora takes the form 


-L- L. N-JL/1_1\ 
■E'ri<'tT<i N \F^ rj* 


ill which R', signifies tho radius of tho surface 
on which all the sagittal focal linos lie, 
the corresponding tangential radius, whilst the 
remaining terms have tho significance already 
referred to. An exact (first approximation) 
equation of unconditional validity thus takes 
the place of the widely misunderstood and 
misiutorproted Petzval theorem. The chief 
practical value of tho extended thoorom arises 
from tho fact that it enables a designer to 
deduce a close valuo of R', as soon as the 
more easily determined R'* and have 
been found. 

In microscope objoctivos always has a 
value nearly equal to tho equivalent focal 
length. If tho astigmatism is oorreotod there 
will then bo a severely curved field, whilst the 
attempt to reduce this curvature by over- 
corrected astigmatism (that is, by throwing 
tho focal lines beyond tho convex side of tho 
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Petzval sui“faoe) leads to loss of definitioa in 
the outer part of the forcibly flattened field. 
The fact that a really satisfactory state of 
correction is thus impossible justifiies to a 
large extent the universal neglect of a detailed 
study of the curvature of field and astigmatism 
in microscope objectives. It is, hoivever, a 
fact that in the majority of oases, and especially 
in the spherically and chromatically most 
highly perfected apochromatic and semi- 
apochromatio objectives, the already great 
Petzval curvature is aggravated by under- 
corrected astigmatism which makes and 
especially shorter than 

The Lister type of low-power objective is 
decidedly favourable in this respect and can 
be easily rendered stiU better by closer approxi- 
mation to the type of photographic portrait 
lenses, and this has been done repeatedly, 
especially for photomiorographic purposes, 
even to the extent of adopting the anastigmat 
type of photographic lens. In the higher 
powers the problem is far more difficult, 
because the distribution of curvatures of 
surfaces which favours a flat field is absolutely 
opposed to that which leads to low residuals 
of zonal spherical and chromatic aberration 
in the central parb of the field. In the papers 
already quoted other extensions of the theory 
of oblique pencils are dealt with which open 
up new possibilities of reconciling these 
hitherto contradictory desiderata ; but an 
addition of at least one rather widely separated 
component to the already complicated high- 
power objective will nearly always bo required 
and will carry with it a reduction of the trans- 
mitted light by about 12 per cent- 

Theoretioally there is one more defect of 
lens systems not yet mentioned, namely, 
distortion : owing to the small angle of field 
of microscope objectives this defect never 
reaches appreciable magnitude (except perhaps 
in the case of very accurate measurements by 
screw - micrometers), and may therefore be 
passed over. 

§ (20) The Ca^loulation or Miorosoopb 
Objectives. — It is always preferable to trace 
the light through a microscope objective in 
the reverse of the actual direction, that is, 
from what will eventually be the image to 
the object. One reason for this procedure is 
that the tube-longtU thus becomes a fixed 
initial datum and will remain unchanged in 
modifying the system so as to attain the 
correction of the aberrations. A. second 
justification is supplied by the fact, of which 
a designer soon becomes aware, that it is far 
easier and simpler to reach perfect correction 
by modification of the front lens or lenses 
than by changes of the compounded back 
lenses. 

All existing microscope objectives, with the 
possible exception of simple thin cemented 


achromatic lensos for low magnifications, may 
be taken to bo the result of a succession of 
purely empirical trials either in actual glass 
and brass or by the trigonometrical com- 
puting method described in an earlier section. 
For the high powers this method is likely to 
remain the only one, for it is fairly obvious 
that in systems in which angles up to C0° or 
70° occur no analytical a])proximation can be 
of the slightest use. But the lower powers 
of the Lister typo can now bo arrived at by a 
strictly systematic analytical solution recently 
developed at the Imperial College and based 
on the theory of oblique pencils given by 
Conrady in Mont?ily Notices oj the N,A,S, of 
November 1918, November 1910, and January 
1920. As an example of a system designed by 
this process, and also as an illustration of the 
practical use of the computing formulae given 
in this article, the following objective of Lister 
type is selected {Nig. 1 5). Tho problem set was 
to design such a system so that it should (in 
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the really employed rovei-Ho direction) produce 
a magnification of - 4 times, that tho image 
should bo formed at 25 cm. from tho back lens, 
that tho separation of tho two lensos shoiibl 
be 6*25 cm., and that I of tlio total refraction 
effect or deviation of tlio marginal rays should 
bo produced by tho back Ions. Tho glasses 
to be employed wore 

Chance No. 00.7 ~ 1 *5175 - (JO-f). 

Chance No. 3(J0 I ■({225 3(5-0. 


The analytical solution for freedom from 
spherical aberration and C’.oiua gave for in- 
finitely thin lenses 


ri= 10-04: 

ra= 2-088 

r3= 6*13 


(rV-4) 


(d/-'2) 


r* v- 13-51 
- I -449 
(r, -3.20) 


W--3) 




Analytically tho astigmatism was found to 
be zero. 

This first solution wtw tested trigono- 
metrically, after putting in the suitable 
thioknoBBOs given in brackets, by tracing a 
paraxial and a marginal ray through with 
initial Zj =:Li = - 2,7 e,in. and log log sin 
=8-60504, j (XT = - 1® 50'), and gave after pass- 
age through tho back Iona 

L 3 '= 12-7020 IJ 3 ' 

12-6096 .0(54120, 

and after passage through tlu^ whole system 
L/= 3.0449 IV -“ 7 ° 12 ' 34 '' 

V=a.0263 .125340, 
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As might hav'o been expected, the system 
proved spherically over-corrected, to the extent 
of Zq'-L/= - *0186. This was corrected by- 
shortening the last radius to rQ= -2-93 by a 
few trigonometrical trials. The result then 
■was 

Le' = 2-8696 38' 12" 

V = 2-8099 <= •132183. 

The sine condition then showed the cotna 
correction to bo also defective, the magnifica- 
tion produced by the marginal rays being 

-4-1S39 times. 

Sin (j j 

that by paraxial rays 

~= “4-1317 times, 

showing an inadmissible difference of about 
J per cent. The analytical solution was 
therefore repeated by solving for those forms 
of the two components which would, give the 
opposite of the coma defect found trigono- 
metrically, and the new solution was 

ri= 17-24 6-94 

r2=- 1*942 r5=- 1-613 

4-33 (r„=“4-13), 

changed empirically 
to - 3*00. 

With the same thicknesses of the mdividaal 
lenses as before, and the same initial data, 
this gave 

J./=:2-9877 U/=7® 14' 6" 

Z/=r2-9682 '126609, 

or, again, spliorioal over-correction. By two 
trials the last radius was brought to = - 3'SO, 
and this gave 

V=2-7847 Ue' = 7'= -44'“ 52" 

?8'=2-7840 < = .134885. 

The slight spherical over-corroction may safely 
bo ignored as it amounts to only a small 
fraction of the “tolerance” deduced in an 
earlier sootion. 

Tho sine condition is fiilfilled hy this 
objective within one part in 3500, so that the 
coma correction is practically i)oifoct The 
analytically determined astigmatism of the 
second solution is in the ovor-oorroctod sense 
just about to the right extent to yield the 
most favourable approximation to a flat 
field. In all those rospoots tho objective is 
therefore an exceptionally good one, although 
it departs to a startling extent from tho 
stereotyped Lister type, which would have 
^3=^0= *^nd very short radii of the first 
and fourth surfaces. 

Tho achromatism next calls for investiga- 


tion. Using the 2(d - method, the X 
of the six surfaces have first to be computed ; 
by the equation X ={PA)®/2r they are found as 

Xi= -01861 Xi= -01188 

Xjj= --17330 Xg= -*04814 

X3= - -07682 Xe= - -02029 

Xjs-Xi= - -19191 X 5 “X 4 = - -06002 

X 3 “ Xj = 4- -09648 Xe - Xb = + -02786. 

As I) = (d-H X- X3) sec U, and as the values of 
c?i in proper order were -4, -2, *3, and -2, the 
calculation proceeds 



rf+X-Xo. 

u. 

= (({4-X-Xo) 
Hoe IT. 


First lens 

•20809 

-0“ 17 44'' 

-20809 

4-10101 

Second lens 

•29648 

-1 67 66 

-2i)06£) 

-•09669 

Third len»- 

•289 98 

8 38 82 ' 

•24044 

-h-omo 

Fourth lens 

•22786 

2 22 18 

■22804 

- -02804 


The sum ]S(d-D)c2N can now he worked 
out for aixy available glasses of the assumed 
refractive indices. For tho glasses used in 
the analytical solution Chance’s list gives 
N; ~ Ifo tlie crown, as *00856, for the flint 
os *01729. Using these with the above values 
ofd-I) for the several lenses it is found that 
'^{d—T>)dM « - *000004 cm. =9 - -08 wave-length. 
As tho tolerance is *6 wave-length, this minute 
ovor-oorroction may bo allowed to pass. If 
the residual had proved larger it would have 
been necessary fco search the glass lists for a 
crown with slightly higher or for a flint with 
slightly lower dispersion. The great advantage 
of the (i - U) method is that it is nearly 
always easy to establish sufiioieutly exact 
achromatism by merely ringing the changes 
on available meltings, i>ri)vided of course 
that tho rough design was arrived at with 
duo regard to apj>roxiinato fulfilment of tho 
chromatic coiKlition. 

Tho tost for zonal chromatic aberration by 
tho paraxial form of the equation is 

next carried out by the formula given above. 
It was found to give the paraxial residual 
= -H •(>00048 cm., or under-correotion amount- 
ing very nearly to one wave-length. As the 
tolerance ” was fixed at two wave-lengths 
tho objective is found to bo satisfactory. 

i^onal sj)herical aberration must then be 
determined by tho trigonometrical OPD,„ 
oq_uation (10’"*'’). Employing 20,000, tho 
approximate number of wave-lengths in one 
centimotre, as an additional factor so as to 
obtain the OPI) directly in approximate 
wavo-lengtlos, tho results are 

OPBi-- -36 0H\=4- *005 

01>1)2=.+- 14-84 OTDb^ -^3-32 

OPUa = - 1 1 -04 OPDo - 6 -12, 

and their algebraical sums:: -f-OG wavc- 
longth represents the load with which the 
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marginal ray meets the axial ray at the final 
focus. As the present system includes no 
very large angles or curvatures this residual 
may safely he interpreted as indicating simple 
zonal aberration, for which a tolerance of two 
wave-lengths was established. The result is 
therefore highly satisfactory. 

It may be of interest to add that the whole 
of the analytical and trigonometrical work 
involved in arriving at this final design was 
carried out in less than ten hours The 
objective would be described as a inch of 
NA . 135, for English tube-length. If made to 
two-third scale it would be suitable for a 1^- 
inch for Continental tube-length. 

In the higher pow'ers of three or more 
separated components the attainment of the 
desired correction depends almost entirely on 
empirical trials guided by experience and 
instinct, the latter being most easily acquired 
by progressive studies beginning with simple 
achromatic lenses and gradually advancing to 
more complex forms. The calculation of the 
OPD values should never he omitted, for 
experience has shown that if the differences 
of optical paths arising at any one surface 
exceed 30 or at most 50 wave-lengths the 
fulfilment of the Rayleigh condition for the 
whole aperture is rendered almost impossible. 
Similarly the sum of all the positive OPR 
amounts should not exceed 100 or at most 
200 wave-lengths for any oiie complete system. 

In systems with the usual thick plano- 
convex front lens the form of the latter which 
leads to correction of the longitudinal spherical 
aberration and of the coma for the computed 
marginal ray can always be determined by a 
practically direct solution. Refraction at the 
final plane surface does not change the ratio of 
sin U' to %'i as both are derived from their 
values before refraction by mifitiplication with 
the relative refractive index. Therefore the 
sine condition must be fulfilled by the IT' and 
u* of the first, spherical face of the front lens, 
and the requisite radius can be quickly found 
by a few trials based on this criterion. Pro- 
vided that this radius leads to spherical over- 
correction of the refracted pencil (if it does not, 
then spherical correction will be impossible) 
the necessary thickness of the front lens can 
be found by a direct solution. Let the inter- 
section lengths of the rays issuing from the 
convex surface be V and 1/ -{-(U -V), and 
let d he the sought thickness. The inter- 
section lengths of the rays arriving at the 
plane face will be Z'-d and V 
respectively. The corresponding intersection 
lengths after refraction are to he equal (so 
as to remove the spherical aberration) and 
are determined by*PZ(3jp)* and PZ(3)* respect- 
ively. Hence the condition 


(l'-dW_uv COS XT' 


N“ 


in which U represents the obliquity of the 
marginal ray arriving at the i^lane and U' its 
value after refraction as obtained from the 
equation by sin IJ' =sin U . N/K^ This equa- 
tion immediately gives the solution 


(cos U/cosU0~l‘ 

With this convenient solution any number 
of front lenses can be found for given back 
combinations and the best one picked out 
by the criterion of zonal aberrations. This 
represents the strongest argument in favour 
of calculation of microscope objectives in the 
reverse direction. 

In objectives of a numerical aperture 
exceeding about -25 the spherical aberration 
of the cover-glass usually employed in micro- 
scopy has to be allowed for. As objectives 
of these higher powers always have a plano- 
convex front lens this allowance is easily made 
without any laborious calculation by diminish- 
ing the thickness of the front Ions calculated 
by the last equation by the thickness of the 
cover-glass, rhis simple procedure is legitimate 
even when the refractive index of the front lens 
differs very considerably from that of the 
cover-glass, for it is found by direct calculation 
that the aberration of a thin piano-parallel 
plate is almost independent of its refractive 
index in the region of usual glass indices. 

§ (21) Eyiapieohs.^ — The image produced by 
a microscope objective is usually further mag- 
nified by an eyepiece inserted in the upper end 
of the tube. 

The cones of rays issuing from the objective 
towards the primary imago have a common 
base at or near the back Ions of the objective ; 
it is convenient and usual to assume that this 
common base of all the image-forming x)on(jiIs 
coincides with tho scconcl focal i)ltuio of the 
objective. Any one of tbewe pciudls is refracted 
by tho lenses of the eyopicco as in<licat(»d in 
Fig, 16, and should, for a normal eye with 



relaxed accommodation, emiorgo as an inclined 
bundle of parallel rays. Tho angu lar magnifica- 
tion of the eyepiece is then dolinod as tho ratio 
tan UVtan U, U being the angle at which tho 
central or ])rincipal ray of the obliciuo pencil 
leaves tho second focal point of tho objective, 
and tho corresponding angle after passage 
through tho oyopioco. The angular magnihoa- 
tion so defined represents the number engraved 
on many oyepioocs — more especially on com- 
pensating ones — and is tho most (convenient 
one for the designer. From tho general theory 
of lenses it follows that if ,1) ro])rcHcntH the 
‘ Hecttlso “ Eyepieces.'* 
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distance from tli© upper focal plane of the 
objective to the lower focal plane of the 
eyepiece (=tho so-called optical tube-length of 
the miorosoopo), / the equivalent focal length 
of the eyepiece, and MA the angular magnifica- 
tion as defined above, then 



The values of D used by Abbe for the 
compensating eyepieces have been widely 
adopted; they are D = 180 mm. for the 

Continental ” and D = 270 mm. for the 
“ English ” standard tube-length- English 
makers, however, more usually adopt 10 inclies 
as the value of D on which their magnification 
numbers are based- 

The order of importance of the various 
aberrations is quite different for eyepieces 
from that for objectives. The reason is that 
the individual image-forming pencils passing 
through the eyepiece are very slender, their 
convergence ratio as they leave the objective 
rarely reaching oven //1 6. Consequently the 
longitudinal spherical and chromatic aberration 
of the individual pencils is unimportant and 
may usually be ignored altogether. On the 
other hand pencils like the one shown in Hff. 1 6 
aiming at imago-points near the margin of 
the field of view pass the eyepiece lenses at 
large angles of incidence (frequently exceeding 
30°, and at the contact surface of achromatised 
oyo-lonsos oven 60°), and those large angles 
may load to very serious amounts of chromatic 
difforonco of magnification, of distortion, of 
astigmatism, and oven of coma. These are 
the aberrations which call for the attention of 
the designer. 

The chromatic difference of magnification 
is most easily dealt with. It arises from the 
dispersion of a white principal ray into its 
constituent colours by the prismatic effect of 
the extra-axial parts of the eyepiooo lenses. 
Suoh a ray will bo dispersed by the first or 
fiold-loas {a) as indicated in Fig, 17, and if a 



single Ions wore used as an eyojt)ipco the violet 
and red images would bo seen in the reverse 
direction of the corresponding emerging rays 
and would not coincide ; the rod image would 
appear decidedly smaller than the violet one. 
This defect is most usually corrected by placing 
a second Ions, the eye-lens (b), at a considerable 
distance from {d). The violet ray then 
traverses this second Ions closer to its centre 


than the red ray and suffers less deviation, 
and a means is provided to secure parallel 
emergence of the different coloured rays. As 
was pointed out in discussing the objective, 
the latter may itself supply primary images 
with a chromatic difference of size, the violet 
primary image being larger than the red one. 
The eyepiece then must compensate this 
difference in addition to correcting its own. 
The following paraxial solution is usually 
sufficient to determine the data of an eyepiece 
consisting of two thin lenses so as to establish 
equal magnification in all colours : 

Let C be the compensation constant of the 
objective with which the eyepiece is to be 
used, calculated os C=1 - (size of red primary 
image)/{siz© of blue primary imago), the red 
image corresponding to the C-line of the 
spectrum, the blue image to the F-line. Eor 
most of the apochromatio objectives C — *012. 
In the case of eyepieces for general use with 
ordinary objectives it would be advisable to 
introduce C = *004 or *005 as a compromise. 

Let / be the desired equivalent focal length 
of the eyepiece, the focal length of the 
fiold-lons, f j, that of the eye-lens, the 

adopted ratio of the two separate focal lengths, 
a usually suitable numerical value being 

Further let bo the glass-maker’s value 
for the material of the field-lens, the 
oorresponding value of the eye-lens, MA the 
required angular magnification, always a 
negative number, and d the separation (air- 
space) between the two thin lenses. Then 
the problem will be solved by calculating 

f»=/^[P± 

in which 

P= 1 + JMA . + 0 . X.), 

and then 

Foroyopioces without compensation (0=0) 
two plano-convex lenses of ordinary crown- 
glass will usually give fairly satisfactory 
results. If the Huygenian type is to be 
adhered to for compensating eyopieoes, good 
results are only obtainable by making the 
fiold-lons of dense flint-glass (JN’d=l'62 or 
better 1-65) and the oyo-lens of light crown- 
glass, or bettor sfcill by using an achromatised 
oye-lons {vj,= oo). For compensating eye- 
pieces for high values of JN'A Abbe introduced 
chromatically ovor-oorreoted close combina- 
tions on account of the greater distance of the 
eye-point obtainable with this type. With 
Huygenian eyepieces of high magnification the 
eye has to be brought very close to the eyo-lons 
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in order to soe the whole field, and thw proves 
irritating, especially to observers with long 
and stiff eyelashes. 

The modification of an eyepiece design with 
a view to reducing the other aberrations men- 
tioned involves the whole theory of pencils of 
finite obliquity and aperture and cannot bo 
usefully dealt with in the available space. 

§ (22) The Illtjmiitation of Miorosoopio 
Objects. — Prom the point of view of geometri- 
cal optics it ought to make very little difforenoo 
how the illumination of an object is offoctod, 
provided it is of suitable intensity for com- 
fortable observation. If aberrations are absent 
the instrument should yield a perfectly sharp 
image of every point in the object regardless 
of whether the whole aperture of the object- 
glass is filled with light or whether only a part 
of the aperture transmits light. Moreover, 
such an absolutely sharp imago should bear 
unlimited magnification. This was in fact the 
view taken until about 100 years ago ; if 
the instrument failed to give sharp images 
when a certain magnification was oxcoodod, 
the explanation was sought in uncorrocted 
aberrations. Certain observational oxpoii- 
onoos which demonstrated that with the same 
instrument and the same magnification sharper 
images and higher resolving power could be 
obtained sometimes merely by changing the 
direction from which the object was illuminated 
were explained as shadow-effects of the type 
which renders visible under oblique illumina- 
tion countless small oratem on the moon of 
which not a trace can bo scon in the full 
moon. The improbability of any appreciable 
shadow being produced by tho usually frail 
and highly transi)arent microscopic objects was 
ignored. 

Tho undulatory theory of light stij)plic(l the 
moans of explaining this obvious breakdown 
of tho purely geometrical explanation of 
optical images. Airy’s determination of the 
form and size of tho spurious disc x^r<)duced 
by interference of the light arriving at tho 
geometrical focus of a perfect instrument 
solved tho problem to a considerable extent. 
Although his result was obtained nominally 
for tho tolosoope it is equally applicjablo to 
any other porfoobly corrected optical instru- 
ment, for tho diameter of the spurious disc} 
is found to depend only on tho wave-length 
of tho hght (to which tho diameter of the disc 
is proportional) and on tho ai)erburo of the 
object-glass, if tho diameter of tho disc is 
measured in angle, or on tho ratio of a])erture 
to focal length if tho diameter of the disc 
is moiisurod in linear measure; tho diameter 
of tho disc in either case is inversely pro- 
portional to tho aperture. As two discs will 
cease to be separated by a dark space when 
thoir distance apart is equal to their diameters 
it follows that tho least distance at which two 


points in the iinag(‘ can bi* n^solvcd is (Miirnl 
to tho diameter of the spurious tliws matter 
in what unit the lat-U^r is jiu^asunMU and also 
that this distanet^ is invcTstdy pn»portionaI to 
the cfTcctiv<^ aperture of tin* objisd-glass and 
directly proportional to the \vav(‘-Iength of 
the light cmploytMl. 

When applied to the nneroseopts Airy’s 
theory of the spurious (Uh(‘ t'.vplaius stnue of 
the obscrvtHl i)henonn‘na fairly satisfactorily. 
As the smallness of tlu' imagt‘ d<*pen<ls on the 
olTc(itive apiuiuns ic. that part of the Ituiw^s 
which is n^Jilly filled with light, tlu*n» shouhi 
bo a maxitnum of resolving pow(‘r wlu'ii the 
object-ghiss is completely lilh*<l with light and 
a reduced n^solving pow«*r if only a pari of 
the full aperture is utiliH«‘d, 1'his is tpnilita- 
tively in aceordamu’i with e'xper«‘n(*<s hut> not 
quantitaiivc'ly, for it is found that a nii<To- 
scope ohjcH'.tive retains otm-half of its niaximum 
roHolving powt^r if only a V(*ry stnall axial 
illuminating pencil is tmiploycsl ; hy the 
theory the r(W>lving power shimhl Ix^ rediieinl 
to a very small fract ion of its maximum value. 
Light scattered l>y the struct iin" of t he c»]»j«n't 
and thus slightly utilising the spaet^ not, filhsl 
with direct light wjw nuturnlly adthuxsl in 
oxjdanation ; l>ut it is impt»ssihle thus to 
account for the fat^i that -with all kinds of 
ohjects 'the resolving powiM* is just half that 
obtainable from the lens when completely 
and uniformly filhsl with light. 

Anotlu^r and even grav<‘r objection to th<* 
application of the Airy thet)ry in the c-nw* of 
tho micu'os(u>pe arises fnnu the fact that the 
theory is only valid, firstly, if nil the light 
arriving at any om^ image point is eohenmt, 
that IS, derived from <»ne original pomt-Ki>uree 
and, moreover, if this light iippromdii's the 
imago-point as a truly spherical wave train; 
secondly, if other imag<»*pointK in the imnunli- 
ate neighhonrhood c»f the one first eonsidered 
receive no light fnnn the* sourei^ illuminating 
tho first, oth(*rwis<‘ there would ls» m*eomiary 
interferences betweeTi mijjM'ent ijuage-ihunts 
and the form of tin* indtvidtial images \iouIfi 
he profoumlly modified. 'I’hese fundamental 
conditions could only h*' fullilh*d if the rdqMs 
under ohservation were renderetl selfdtunimnm, 
say hy making them whiti* hot, which is 
manifestly out of the que^stion in ah hut numt 
ex(xq)tional (^jwes. It used to he thotight 
(Hehnhcdtz was the lust responsible scietitist 
upludding this vi(*w) that the objeethm <"ould 
bo met i)y proj(*eting upot; the object under 
examination the sharp image of a self luntinotnt 
source by means of a highly <’oms'ted eon* 
(leiiser. Ibit no eond(*nsf‘r yet miule haa the 
rwiuisite freedom from als^rrations, and even 
if ono were producml it wotdil still depict each 
point of the source as a tiny Hpttrh»tin disc with 
attendant inlt^rferenee-rings. all eonsisting of 
coherent light covering an appr**eiat»lf* arf*a 
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of the object and so defeating the tkooretical 
roqiiironionts. 

ilnally the Airy theory can give no reason- 
able exi)lanatioii of any kind of the results 
obtained hy lighting objects Tv^ith light of such 
obliquity that the direct illumination cannot 
enter the objective of the microscope, that is, 
the theory fails entirely for dark -ground 
illumination. 

§ (23) Abbe Theohy. — Ahbe was the first 
physicist who clearly realised these short- 
conxings of the Airy theory when applied to 
the noicrosoope. He overcame the difficulty 
in the way wliioli is rendered obvious the 
moment its nature is rocognised, by studying 
the nature of the imago produced when the 
object is illuminated by a single point-source 
so that all the light falling upon the object is 
necessarily coherent and capable of intcr- 
forenoe. If an extended solf-luminons source 
is subsequently subsiituted, each point of it 
will produce an imago of the type dotorminod, 
and as the vilxrations of dificrent points of a 
self-luminous source are independent and in- 
capable of permanent interference the final 
imago will everywhere have the simple sum 
of the intensities of the elementary images 
without any complications due to secondary 
interferences. 

If a minute hole measuring only a small 
fraction of a wave-length in diameter is pro- 
duced in an opaque film and illuminated from 
a distant point-source, then there will be no 
scope for sensible interference effects, and the 
hole will send out light in all directions en 
the principle of Huygens and will behave 
exactly as if it wore itself self-luminous. This 
is the only case in which the theories of Airy 
and of Ahho load to the same result. It is 
approximately realised in the “ ultra-micro- 
scope,” by which minute particles are seen 
exactly like stars in a toloscopo ; in fact, if the 
instrument is well corrected the spurious disc 
with its surrounding diffraction rings is clearly 
seen. 

Rut if the light-transmitting aperture attains 
a size of the order of a wave-length or if there 
are a number of apertures within small dis- 
tances of each other, then there will bo 
intorforonoo effects between the light from 
different points of the aport\iro or apertures, 
resulting in the producing oi some typo of 
diffraction spectra. In the vast majority of 
coses the result is hopelessly oompdioatod and, 
moreover, inaoccssiblo to theoretical discussion, 
inasmuch as the latter would require the 
minute structure of the object to bo known 
with absolute certainty. In the case of deli- 
cately structured natural oh j cots only known by 
microscopical observation an obvious vicious 
circle would bo involved in using such objects to 
test a theory. This also was clearly realised 
by Abbe and avoided by devising a large 


number of highly ingenious exj)oriinents on 
artificial simple objects such as finely- drawn- 
out glass threads, and especially on gratings 
ruled in a silver or carbon film and used either 
singly or tw'o crossed so as to produce dot- 
patterns. By observing such objects of accu- 
rately known stnicture Abbe proved experi- 
mentally his theoretical conclusions that 
refraction or reflection of light by the object 
could not explain the image, but that the 
imago could be fully accounted for by the 
diffraction spectra produced by the object, 
and that the verisimilitude of the image 
depended on the extent to which the difivacted 
light was admitted by the objective of the 
microscope. For a fuller account of this 
Abbe theory reference must bo made to 
Dippel’s handbook of microscopy, and for a 
more detailed study of the application of the 
theory to the conditions usually x)revailing in 
the actual use of the microscope to two papers 
by Oonrady.^ 

All that is required to establish the theory 
of illumination is to consider the distribution 
of the diffraction spectra in the ease of a 
simple grating of straight and equidistant 
slits. If such a grating is illuminated by 
parallel light from a distant point-source a 
number of diffracted beams are produced, and 
as the angles at whiebi these proceed obey a 
sine law whilst a microscope objective also 
must satisfy the optical sine condition, it easily 
follows that, no matter in what direction the 
source of light may be placed, the diffracted 
beams are depicted in the upper focal plane 
of the objoctivo focussed on the grating as a 
sorios of equidistant points if the light is 
monocliromatio, the distance from point to 
point being inversely proportional to the 
spacing of the grating and t> the wave-length 
of the light, and the lino formed by all tho 
diffracted light-points being at right angles to 
the direction of the grating-slits. If at least 
two consecutive diffracted beams arc trans- 
mitted by tho objoctivo, then their interforonoo 
in tho final imago ])lano (xxsually on the retina 
of tho olsorver’s eye) will produce an alter- 
nation of bright and dark linos coinciding with 
tho imago of tho grating which w(nild bo 
deduced by geometrical optics. With an ob- 
jective of limited aperture only a part of the 
comploto sot of diffraction spectra will bo 
admitted. Bof erring to Fig, 18, in which tho 
direct liglit is distinguished by a small circle, 
tho flanking diffraction spectra by crosses, it 
is easily soon that if tho source of light were 
placed upon the optioal axis, an ol)joctivo of 
small aperture (A) might admit only tho direct 
light and no resolution would bo obtained. It 
would require an aperture B to admit the 
direct light and tho two nearest diffraction 

* Jmrn. R. Mcr. Soc , 1004, pp. 010-033, and 1006, 
pp. 641-653. 
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spectra with axial illamiiiation and to secure 
resolution. But if the source of light were 
moved to one side of the optical axis — thus 


B 



producing obliq^ue iUumiuatioDL — ^then the aper- 
ture A would j list he capable of admitting the 
direct light and the nearest difEraction spec- 
trum (C) and resolution of the grating would 
result. The increased, resolving power with 
oblique illumination is thus explained; also 
the two-to-one ratio of resolving power with 
extremely obliq[ue and with axial illumination, 
respectively. 

But a very grave objection to simple oblique 
illumination is also easily deduced. As a rule 
the observer will be ignorant of the direction 
of the linea of the structure under observation 
or there may he in the same field specimens 
having lines in various directions. NTow with 
oblique light arranged according to ca.se 0 and 
a structure producing a row of diffraction 
spectra of the same, or even a closer, spacing, 
but on a line nearly at right angles to that 
first considered, only the direct light would be 
admitted (D) and no resolution would result. 
To avoid this pitfall it is therefore absolutely 
necessary when employing simple oblique 
illumination to try it in all azimuths, either 
by rotating the object by means of a mechan- 
ical stage or by producing a corresponding 
change in the illuminating pencil by a rotating 
eccentric diaphragm of the substage-condenser. 
But a method which nearly always deserves 
preference is to produce oblique light in all 
azimuths simultaneously hy means of a con- 
denser opened to a suitable aperture to secure 
the desired degree of obliquity with a largo 
“ solid cone ” of illumination, or to accentu- 
ate the higher resolving jjower of oblique 
light by adding a central stop below or 
above the condeuser-iris which cuts out the 
central part of the illuminating cone and so 
produces “ annular illumination.” Evidently 
the essential requirement is that the illumina- 
tion should be perfectly symmetrical with 
regard to the optical axis, that is, strictly 
concentric with the latter. Looking down the 
tube of the mioroscope the observer should 
see either a uniformly bright and nicely centred 
disc of light or a ring of light of uniform 
brightness and bounded hy circles ooncentrio 
with the axis of the microscope. These are 
the conditions which are both necessary and 
sufficient to secure truthful and reliable images 
of microscopic objects no matter what their 


structure may he. The realisation of these 
conditions is not difficult if a uniformly bright 
source of light of large area, such as the sky 
or a large flame, is available, and excellent 
results are then obtainable with condensers of 
the simplest typo. But when the source is 
small and especially when it is alm<jst linear 
like an incandescent lamp lilanient, then the 
conditions can only bo adequately satisfied 
with a condenser carefully designed so as to 
be fairly free from spherical and chromatic 
aberration and accurately focussed so as to 
project a sharp imago of tho source of light 
upon the object under observation. Con- 
densers of this Icind closely rosomblo micro- 
scope objectives of corresponding numerical 
aperture and are designed by the mothods 
described in earlier sections ; tho tolerances, 
however, may bo safely extended to two 
or three times the amounts stipulated for 
objectives. 

The Abbe theory also leads directly to a 
formulation of tho proper conditions to bo 
fulfilled in dark-ground illumination. If a 
regular structure is illuminated by light of 
such obliquity that tho direct light cannot 
enter the microscope objective, then the 
image will bo produced entirely by diffracted 
light and at least two diffraction aj)octra 
must be admitted in order to scciiro an in\ago 
of the structure. JPig, 19 shews at oneo that 

the maximum of ro- 

solving power will be 
secured if the first and 
second dilfraotionspoc- 
tra can just enter at 
opposite margins of the 
aperture. Ifividcntly 
the direct light will 
then be throe times as 
far from tho axis as 
either diffraction Bpoebrum, and tliis maximum 
can therefore only be nwi^lised if a coiidonsor 
is available which has throe tiinoH tho nuinoriiml 
aperture of the objective to wliicdi it suppUos 
dark-ground illumination. As the iiuinorical 
aperture of a condenser cannot exceed 1-fi, it 
foUowB that tho full resolving power of ob- 
jectives over *5 NA cannot be roaliwHl hy 
dark-ground illumination ; tho latter therefore 
implies a disadvanttvgo in tho case of all 
objectives of high NA. On tho other hand, 
there may bo present in the same field coarse 
structures which give closely 8paco<l dilTrac- 
tion. spectra. In order that t ho latter may be 
admitted, it is necessary that tho ring of 
dark-ground illumination should extend in- 
wards as nearly as possible to the aperture of 
the objective in use. Hence a second im- 
portant rule : that tho dark-ground stop should 
be only just large enough to secure a dark field. 
This rule cannot usually he satisfactorily ful- 
filled if a high-power condonscr has to be used 
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in order to sooure illuminating cones of great 
otliquity. The reason is that in practically 
all existing condensers of high N.A. the dia- 
phragm and dark-ground stop are placed far 
below the anterior focal plane, with the result 
that a real image of both is formed close above 
the ohjoct under observation 20). If this 
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TlQ. 20. 

imago of the darh-ground stop is only just 
largo enough (as it ought to be) to stop direct 
light from the axial object-point from entering 
the microscope objective, then it will stop out 
an oblique cone of similar angle from oxtra- 
axial object-points, with the resxilt that from 
the latter direct light will be admitted on the 
side of least obliq[uity of the inclined hollow 
illuminating cone. The field thus is dark only 
in and near its centre, with rapidly growing 
illumination towards its margin, and the efiect 
is totally spoilt. This grave drawback can 
only be removed by placing the diaphragm 
and central stop close to the anterior ' focal 
plane of the condenser; unfortunately the 
present design of microscope stages and aub- 
stagos renders the fulfilment of this important 
condition very difficult. The various types of 
refieoting ooiidenseis (paraboloids, etc.) are 
attempts to overcome this difficulty : it would 
be decidedly preferable to have oU-immorsion. 
ooadonsci’s with correctly placed diaphragms, 
and it is therefore to bo hoped that designers 
will give earnest attonti<jn to this closidoratum. 

A. B. 0. 


Microscope Evepieobs. Soo “ Eyepieces,” 
§ (0) ; also Microscope, Optics of the,” 
§ ( 21 ). 

Microscope Objectives, Calottlation of. 
Soo “ Microscope, Optics cf the,” § (2) 
et seq. 

Testing of. See “ Objectives, Testing of 
Compound.” 

Miorosoopig Objects, PROJEonoK of. See 
** Projoetion Apparatus,” § (lb). 

MICBOSCOPY WITH ULTRA-YIOLET 
LIGHT 

§ (1) iNTRomorcTto-N. — The evolution of the 
modem microscope has boon a process in 
which mprovemonts of importance have 
alternated with long periods of apparent 
inactivity. It has in general followed the 


same lines as other optical instruments, that 
is, so far as methods of correcting for spherical 
and chromatic aberration are concerned (see 
“Microscope”). The introduction of im- 
mersion lenses by Amici in 1865 marks one 
of the great optical improvements that has 
had a profound influence on its development, 
although it was at a much later date that full 
advantage was taken of the method. Not 
until the latter part of the last century, 
largely owing to the researches of Abbe,^ 
were the factors governing resolving power 
reooguised and understood. It was realised 
as the result of those researches that there 
exists a limit beyond which resolving power 
cannot be increased. The practical result 
therefrom was the computation and pro- 
duction of apochromatio ohjectivos, in which 
colour correction was of a higher order 
than had at that time been achieved in any 
optical instrument. Since that period there 
has been no real advance in microscopic optics. 

There are two distinct methods of investiga- 
tion in modem microscopy, one in which 
enhanced visibility is the main purpose in 
view, no information as to the form or structure 
of minute objects boiug seourod, and the 
other the more usual one of the resolution 
of structural details. In the former case 
objects are rendered self-luminous, appearing 
as bright bodies on a duU ground. The 
method is known as “ dark-ground illumina- 
tion ” when bodies within the resolution limits 
are being observed, as “ ultra-microscopy ” 
when small particles beyond these limits are 
made visible. * Considerable confusion has 
arisen owing to the use of the term “ ultra- 
microscopy” in describing both modes of 
observation. In their fundamental physical 
aspects the method of dark-ground illumina- 
tion and observation with the ultra-micro- 
scope arc identical, as both servo to enhance 
the visibility of an object. The practical 
difference is in the typo of object under 
observation and the manner in which it is 
observed, rather than in the difference between 
the character of the appliances used for the 
purpose. When objects seen in a dark field 
show structural details or well-defined contours 
we arc dealing witli simple dark - ground 
illumination. When, on tho other hand, the 
field is soon to contain particles in which there 
is no trace of detail or evidence of structure, 
and which appear as more points of light, the 
case is one of ultra-mioroscopic observation. 
It is obvious that both types of image may he 
seen at the same time; the fundamental 
difference is therefore dependent on the size 

^ AblTC, AraMv f, mil'f. Amt., 1873, Ix. 41 3 ; 
Jmrn. Roj/. Mur. SooiftVt Juno 1881, p. 388. 

* Hlodcudofi, Jmm. Hoy. Mirr. Ifl03, p. 673 ; 
Ann, (1. Phys., 1J)03, pp. l-3fl ; Berl mn, Wcmschr., 
1004 ; Zn. f. wiss, MikTos., 1007, p. 882 ; Faraday, 
Tree, Boy. Init-t 1864, p. 3)0, 
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of the object, whether it is above or below the 
resolution limits, and on the distance between 
neighbouring visible units. It is in the 
direction of obtaining increased resolution 
that the greatest need is felt in practical 
nucroscopy. 

§ (2) Resolving- Poweb. — It is well known 
that the smallest distance separating two 
points in an object — such as a grating — is 
given by the relation 

d=-A-, 

sin a 

where X is the wave-length of the light used 
in the medium surrounding the object, and 
a is the angle subtended at any point in the 
object by half the effective angular aperture 
of the objective.^ This is nsnally written 



/isinu 


when \q is the wave-length in air, and fi the 
refractive index of the medium. It follows 
that the value of d, the distance between any 
two elements of recurring structure, is de- 
pendent on the wave-length of the light used 
and on the product of /i sin a, which is known 
as the numerical aperture (N.A.) of the 
illuminating and observing optical system. 
This relation is applicable in the case of a 
grating illuminated hy a beam of the greatest 
possible obliquity, ensuring that the essential 
diffraction spectra are within the limits of 
the objective aperture. It is reduced to 



/t sin a’ 


when axial illumination is resorted to, a 
condition that applies to most observational 
work. It is in this connection important to 
remember the well-founded view of Abbe 
that “ the diffracted light emanating from 
the object may utilise the whole aperture of 
the system, although the incident cone of 
light, if it were simply transmitted in the 
absence of an object, would fill only a very 
small portion of the aperture.” It follows 
that greater resolution can be ohtaiued either 
by reducing the wave-length of the light used 
as the illuminant or by moreasing the NA. 
of the objective. With dry lenses the greatest 
attainable K.A. is *95. This can be increased 
by using immersion lenses, the resulting KA. 
in the case of water being approximately 
1-25, cedar- wood oil 1*60, or monobromido 
of naphthaline 1-60, the latter being used 
only in metallurgy, or in cases where flint 
cover-glasses of the necessary refractive index 

^ Abbe, Abhandlunffen ilber die Theorie des MiJero- 
sTropSf 1904 ; Uayleiflh, Lord, 1896 j>. 467 ; 

Joum. Roj/. Micr. Soo., 1903 , p. 447 ; Porter, Physieal 
Review, 1 905 , p. 386 ; Glazebrook, (Trans. Optiml Sqg., 
1907 - 1908 , p. 94 . See also “Microscope, Optics of 
the,*’ Introduction. 


can be utilised. The actual resolution obtained 
with white light with a moan wave -length of 
650 when a grating is illuminated by 
oblique rays and with K.A. 1, is theroforo 
about 92,000 lines per inch. The use of oblhitio 
light is necessary to obtain the utmost rcsolu- 
tion with such an object, as otherwise tho 
diffraction spectra which are essential to tlic 
formation of the imago cannot bo embraced 
by the objective. It has to bo rocjogniaod 
that such an imago is not of nocsc^Hsity a. true 
representation of tho object ; it is in most 
cases no more than an indication t)f tho 
periodicity of the sbniotiiro. The so-called 
resolution of diatoms may bo cited as an 
example, in which the strue.turo may give 
rise to an image consisting of paralUd lincss or 
bars. Such linos arc known to be niorely an 
indication of a regular soquonoo of (lej)r(iSHions, 
perforations, or oxcroscences of tho same 
periodicity, and this constitutes tho only point 
of similarity between the object and tlu’i 
imago. To obtain a real imago tho objcMtt 
must be illuminated with a solid axial cone 
of light, and under those oonc lit ions resolution 
falls to ono-half of tho value 8tato<l. It 
would thorofchpo bo of the order of 46,(K)() 
linos per inch in white light. Johnstone 
Stonoy ^ states that with an imm(^rsion 
objective of N.A. 1*35, and an immersion 
condenser of N.A, 1‘30, using a suitable stoj) 
to sociiro oblique illumination in a dirocjtion 
at right angles to tho direction of the lia(« 
of the grating and with blue light of 450 mra. 
wavo-bngth, tho jwaotical limit of sK^iJarnlion 
is about 0-20 /t. Ho has also d<'ini(>nHtratt^<l that 
a pair of objects may be nisolvod when they 
are separated by about five-sixths of the 
interval between the (deniont.s of a row of 
such objects or points; in other words, that 
resolution is in(5rwx8od appreciably whe^n only 
two neighbouring elements of Ht-rue-tfUre are 
being ebsorvod. Tim coinpnt.atic m by Ablx^® 
of apochromatic objectives has rcfsultc'd in 
the production of systoniH for visual worlc 
with tho highest attainable N.A., and in which 
spherical and chromatic correction are of a 
high order. Their chi(t csharacitt^risl i(^ is that 
they are perfectly eorn^ctod for thro<' coloum 
in the spectrum, and approximately for all 
colours in. white light. Tluir siqx'riority 
over any achromatic ayatom is dep(m<l(Mit on 
their computation and not on th(^ use of any 
particular material, studi as fliioritts in thoir 
construction, although this tiiak^rial Invs 
optical constants which are ossontial in t.he 
computation of such objectives, no hu if able 
optical glass yet being availabk*. Hy txsing 
light of short wave - length in the spetttro- 
scopic rogitm of the green, Idue-gn^en, or hlue- 

I * Johnstono Stonoy, Jonrn. Roy. Micr, Roe., 1903, 
p. 664. 

' » Abbo, Journ. Roy. Micr. 1870, p. 377. 
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violet, the greatest attainalble visual resolution 
is soourod. Tho most useful illuminaut for 
this purpose is the mercury-vapour lamj), as 
it is possible by using suitable Qolour screens 
to utilise the bright lines in the orange, greon- 
bluo, or vi<jlet. Even when used without a 
scroon this iUuminant has the advantage 
possessed by no other, that the moan wave- 
length is reduced, as no rod radiations enter 
into its composition. It is obvious that oven 
under these conditions resolution is strictly 
limited. The only practical method of obtain- 
ing increased resolution that has been evolved 
since the researches of Abbe, with pro- 
portionately increased magnification, whdeh 
constitutes a definite advance, is in the use 
of ultra-violet light, a method -which opens 
up a wide field for investigation. Tho shortest 
wave-length that has sufficient luminosity in 
tho visual spectrum for direct observation, may 
ho regarded as being in the region of wave- 
length 475 iMji, but if it is possible to utilise 
ultra-violet radiations of a wave-length as 
short as 220 /a/c, resolution will, other 
things being equal, thereby ho doubled. 
There is tho self-evident objection to such a 
method, that tho imago can no longer bo a 
visual one, and, further, that the optical system 
must bo composed of materials which are 
transparent to ultra-violet light. 

§ (3) (Quartz OPTiOiLL S-ySTEM:s. — Tho 
transparency of any optical glass is not 
sufficient for work with the more refrangible 
portion of the spectrum, oven a borosilioate 
crown-glass transmits but a small percentage 
of light of wave-length 300 Schott of 
Jena has made optical glass particularly 
transparent to the ultra-violet light, but at 
wave-length 280 fjLfi a spoeiinen 1 mm, tlxick 
only transmits 50 per cent of tho incident 
light, and with shorter wave-lengths it is 
practically oi)aquo- Tho only materials avail- 


18G0, while Boys in England, in or about 
1885, suggested the suitability of fused quaitz 
for this purpose. It was not until 1900 that 
M, von Rohr ^ of J ena succeeded in ooustruct- 
ing a quartz-fluorite objective of about 4 mm., 
equivalent focus H.A. 0*30. This may bo 
regarded as experimental, as it was supplanted 
in 1904 by a sorios made entirely of fused 
quartz. These objectives were termed “ mono- 
chromats,’’ as they are computed for a wave- 
length of 275 although they can be used 
satisfactorily over a considerable range in the 
ultra-violet region, provided that the light is 
monochromatic. The equivalent focal lengths 
arc as follows : 

C mm. dry lens N.A. in white light 0-35. 

2-5 mm. glyoorino immersion IT. A. white light 0*85. 
1*7 mm. glyoorine immersion IT.A. white light 1*25. 

The effective N.A. of those lonsos when used 
with ultra-violet light may bo regarded as 
double tho values indicated, being respectively 
0*70, 1-70, and 2-50, this being tho approximate 
relation of tlie mean wave-length of white 
light to that of ultra-violet (275 fjup). Tho 
immersion fluid is glycerine and water -with a 
refractive index 1*447/1). Tho immersion 
fluid must bo sufliciontly transparent to ultra- 
violet light, and in this respect glycerin© fulfils 
tho purpose, but precautions must be taken 
in praotico to ensure that its refractive index 
remains constant, a short exposure to atmo- 
spheric infiluonco causing appreoiahl© altera- 
tion. 

Five oculars for projecting tho image on 
to tho photographic plate have boon computed, 
and thoBo are jnado from crystalline quartz. 
Their iioitial magnifications are 5, 7, 10, 14, 
and 20 when used at a mochanicsal tubo- 
longth of ICO inni. The maximum magnifica- 
tions obtainable are sot out in tho following 
table ; 


Objective. 

Kycj)iocoH 

5 

7 

10 

H 

20 

0 mm. 

Optical camera longtli . 

JM) cm. 

34 cm. 

30 cm. 

3-1' (iin. 

30 om. 

N.A. 0*7(> 

Magnifioatinn 

250 

400 

500 

BOO 

lOOO 

S-5 mm. 

Opiioal caincMTa length . 

30 ora. 

30 cm. 

31 *5 oni. 

30 om. 

31 *5 om. 

N-A 1-10 

Magnifloation. 

(MX) 

800 

1200 

lO(K) 

24<K) 

1*7 mm. 

Oi)tioal camera length . 

31 oin. 

32 om. 

31 cm. 

31 om. 

31 om. 

N.A 2-50 

Magnification 

m) 

13(M) 

1800 

2500 

3600 


able therefore are quartz, either crystalline 
or fused, and fluorite. Fuflo<l quartz is 
rather loss tranHparont than crystalline, but 
in carefully selected pieces which are free 
from iinpuriticH tho difference for tho purpose 
in view is not important- hluorito was first 
used in the construction of micruHcopo object- 
ives by Sponeor in America as long ago as 


Tho term “ ojitical camera length ” is tho 
distance of tho sensitivo plate from tho upper 
focal point of tho microscope, tlv's being for 
all praobical purposes tho oaj) of tho oyepioco. 
The substago condenser is of quartz and is 
made with two interchangeable top lenses, 

‘ Kohler and voii llohr, ZKitf^chrift f. Instmmn,^ 
1004. 
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so that the illuminating beam may be of 
such N.A. as is desirable with each objective. 



The use of optically worked sliders and 
cover-glasses of definite and constant thick- 
ness is essential, as otherwise the cliffitMilty 
of adjusting tho apparatus would bo greatly 
increased. In 
visual work tho 
adjustment of 
tube-length to 
correct for spheri- 
cal aberration 
introduced by 
cover - glasses of 
varying thickness 
is essential, but 
this would be a 
matter of con- 
siderable difficulty 



Fig. lA.— Showing tho whole Apparatus in Action, 


Fig. l.—Microsoopo and Camera ready 
for Photographing. 

A, Fluorescent searcher eyepiece. B, Fluorescent 
nranlum glass disc. 0, Right-angled quartz prism. 

Without either top lens the condenser is a 
dry one suitable for use with the 6 mm. 
objective. The complete con- 
denser is used with the im- 
mersion lenses, and is itself 
also immersed with glycerine. 

An iris diaphragm is provided 
as in all suhstage illurrimators. 

The illuminating beam is de- 
flected in the direction of the 
optic axis of the microscope 
by means of a right-angled 
q[uartz prism which replaces the 
mirror on an ordinary microscope. 

The essential parts on the micro- 
scope are therefore the same as for 
visual work, except that they are all 
of quartz. 

Figs. 1, 1a, and 2 show the micro- 
scope and camera and the arrange- 
ments for illuminating the object 
respectively. 

§ (4) Objects.— The object to be 
photographed must be mounted on 
a quartz slide and covered with a 
quartz cover-glass. The object-slides are of 
crystalline quartz, ground at right angles 
to the optical axis, and are 0*5 mm. thick. 


when using ultra-violet light. P^or the 
same reason it is ossontial tliat the objec^t 
should bo immersed in as thin a layer of 
mounting medium as possible, otherwise^ the 
effect on the performance of the objc^ctive in 
the same as that resulting from the uh(^ of a 
thicker cover-glass. 

Tho object, or olcrnout of 
structure under exaininaium, 
must in fact bo nearly, if not 
quite, in contact with th<^ 
under surfaco of the 
glass. There are cuTtai^ limi- 
tations as to th(‘ type of tho 
object that can b(‘ (h^alt. with 
by this method— -limitatioUH 
which are detc^nnined in largo 
part by tlie fcranHpar<mcy of 
tho object to ultra - violet 
light. Tho t(^rm “ t^rans- 
paroncy” used in iluH wmso 
is a relative oik', *i8 iimny 
substances that in thicker 
layers are oomplct<‘ly opa<ju<^ 
become very transhuK^nt w'lnm 
in thin mic^roscopic lay<*rH. 
Some micro - organisms, for 
instance, which in th<^ dir<»c. 
tion of their breadth are 
beyond the limits of micn>- 
scopic resolution, have ontindy hallU^d all 
efforts to photograph thorn by inoanH of 
ultra - violet light. The radiations pivss 
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completely through, and no image is formed 
on the photographic plate. This, how- 
ever, is probably a question of wave-length. 
Radiations of shorter wave-length, when 
they can be utilised for the purpose, will 
probably do all that is required, and these 
very small organisms can then bo dealt with. 
The objects best suited for this method are 
bacteria, yeasts, or any cellular structure 
which can be observed as separate units or 
in thin layers. Apart from the difference 
obtained in the imago as the result of differ- 
ences of thickness, there is a differentiation 
of structure due to . differences of organic 
constitution which is shown in the resulting 
photograph. Spore - forming organisms, for 
instance, result in a somewhat striking 
picture ; the organism itself may be somewhat 
translucent, but the spores are almost^ in- 
variably quite opaque bo ultra - violet light, 
although they are of similar dimensions. The 
same applies to granular contents in yeast 
colls and other cellular structures of a similar 
character. 

The method therefore acts as a staining 
reaction without the necessity of carrying 
out any processes which might result in 
alteration in the appearance of the structural 
elements. Objects must in all cases be un- 
stained, They must not be treated by any 
of the well-known methods used in bacterio- 
logy or cytology, in whioh fixation, hardening, 
or drying takes place. These processes prob- 
ably cause some change in organic tissues, 
and in. most cases they result, in the method 
under discussion, in the tissues becoming 
opaque to the radiations used. It is obvious 
therefore that the results are a representation 
(ff the tissues or micro-organism under actual 
living conditions. 

In practice the preparation of the object 
presents no dilhculby. The only point is thiit 
it must bo mounted between its cover-glass 
and slide in some fluid whioh is transparent 
to ultra - violet light. Such fluids are not 
numerous ; but distilled water, glycerine, or 
glycerine and water, Ringer’s solution, normal 
saline, or castor-oil arc among the substances 
available. To inhibit motion in living organ- 
isms a J per cent solution of agar may be 
used, or a dilute solution of golatinc. This 
procedure is, however, to be avoided if 
possible, and it is preferable to roly on thin 
layers of material so that motion is in- 
hibited by the short distance, and consequent 
small free path, between slide and cover-glass. 
The ordinary nutritive media, as used by 
bacteriologists, are in some cases suitable, 
but they may be diluted to about one-fifth 
or one -sixth their ordinary strength. Sections 
may be passed from xylol to vaseline oil or 
castor-oil, but it is necessary to sec that the 
xylol is completely removed, as that sub- 


stance is opaque. In general, scrupulous 
cleanliness is essential, as otherwise the dust 
particles which occur in nearly all prepara- 
tions become all too evident. The quartz 
slides and cover -glasses must he boiled in 
bichromate of potash and sulphuric acid to 
ensure perfect cleanliness, and should then 
be heated in a Bunsen flame before they are 
put into use. 

§ (5) Light Sources. — The source of light 
is a high-tension spark discharge between 
metallic electrodes, usually magnesium or 
cadmium. The necessary characteristics of 
the light arc, that it should emit ultra-violet 
radiations in sufficiont quantity, and that its 
spectrum should mainly consist of a few 
intense bright lines, or groups of lines. The 
lines must not be too close together, so that 
any individual line may be isolated by spectro- 
scopic methods, and utilised as the source of 
light. 

Tew metals conform to the necessary condi- 
tions, Iron, for instance, is quite unsuitable, 
although it emits ultra-violet rays freely ; 
but the large number of lines in its spectrum, 
and their closeness together, make it im- 
possible to utilise it. Cadmium and magne- 
sium are the most suitable, their spectra 
consisting of a few intense well - separated 
lines. Recent experiments indicate that silver 
and beryllium may prove of value where 
intervening wave-lengths are required. The 
length of spark required is about 5 mm., but 
it must be what is usually referred to as a 
“ fat ” type of spark of high intrinsio brilliancy. 
It appears that there is a. definite limit to the 
amount of energy that can be used in this 
direction. The conditions arc comparable to 
that of an arc, in which increase of current 
results in a greater volume of light owing to 
the increased size of the luminous crater, but 
does not materially alter the intrinsic brilliancy. 
The coil used is therefore one that gives a 
heavy discharge at a relatively low voltage. 
An oil-immersed condenser, which has been 
found superior to a Leyden jar, is connected 
in parallel with the spark, with’ the result 
that a rapidly alternating discharge takes 
place between the metal points. Either an 
©lectrolytio or a mercury break may bo used 
as an interrupter ; hut it has been found in 
practice that, the latter gives bettor results, 
as it runs for a long period with greater 
regularity. 

§ (6) Methods oe Observa-tion. — The 
spectroscopic arrangements for projecting the 
necessary monochromatic light into the micro- 
scope follow the linos in general of an ordinary 
spectroscope, with the exception that there 
is no slit. In front of the spark, and at a 
suitable distance from it, a qtiartz lens of 
about 18 cm. focal length is placed, so that 
an imago of the spark is projected at the 
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piano of the iris diaphragm in the microscope 
subsfcage. A pair of crystalline quartz prisms 
of opposite rotation are arranged so that the 
light is decomposed, and are set at roinimiiin 
deviation for the particular wave-length it is 
desired to use. The light passes from the 
prisms to the right-angled quartz reflecting 
prism underneath the microscope, and is, by 
means of that prism, deflected in the direction 
of the optic axis of the instrument. In the 
plane of the iris diaphragm on the microscope 
a disc of uranium glass, on -which is engraved 
a small circle, is placed. A fluorescent image 
of the spark can he observed within this 
circle, and must be sharply focussed and 
accurately centred so that the ultra'-snolet 
rays pass into the suhstage condenser -when 
the uranium glass is removed. When this is 
secured, the first condition essential for satis- 
factory adjustment is satisfied. 

The accurate focussing of the image is the 
most difficult part of the process, and until 
considerable experience has been gained cannot 
be performed -with certainty. There are two 
methods available ; in one, reliance is placed 
on the fluorescent screen already described, 
but it must be admitted that this is uncertain. 
The difficulty is increased when lines in the 
spectrum are being used -which are not of 
great hrillianoy ; and, in any case, the 
appearance of the image varies -with each 
object. 

The object must be examined beforehand 
by visible light, so that its appearance under 
these circumstances is known ; then small 
elements of structure that are fairly easily 
seen must be selected for focussing purposes. 
If these are in the same plane as unkno-wn 
structural elements the result is satisfactory, 
but the element of chance is too great for 
the process to be regarded as a reliable 
one. 

In the second method the image is observed 
by means of a quartz objective and ocular, 
the illuminant being one of the hues, either 
in the region of the blue or the -violet, emitted 
by a mercury vapour lamp. Thus by using 
suitable scieens, -which are commercially 
obtainable, any desired wave-length is trans- 
mitted and the image at once observed and 
accurately focussed on any desired plane. 
The illumination is then changed to the 
particular ultra-'violet line that it is proposed 
to use for photographic purposes. Either by 
calculation or by trial and error, the difference 
between the focal planes of the wave-length 
which is used for observation and that which 
is to be used for photographing is determined. 
The fine adjustment of the microscope is 
then moved by this predetermined amount, 
and the photograph at once taken. In 
practice it is foimd that this method is quite 
satisfactory and yields almost invariably good 


results. Its accuracy is mainly dependent on 
the mechanical perfection of the fine adjust- 
ment on the microscope, but the abibty of 
the observer to focus an object illuminated 
by light of short wave-length is also a factor- 
It is found advisable to use a dark slide of 
repeating type, so that three photographs can 
be taken successively on one plate without 
any readjustment of the apparatus. A 
slight adjustment of the microscope fine 
adjustment above and below the required 
focus is then made for each photograph, so 
that, if there is any slight lack of adjustment, 
either one or the other of the photographs 
will be satisfactory. The photographic plates 
used must be of fine grain and with the 
smallest possible quantity of gelatine on its 
surface. Experiments have been made with 
plates of the Schumann type, that is, as used 
for photographing the far ultra-violet ; but 
they have not proved so satisfactory as a 
slow photographic plate -with a minimum of 
gelatine and the maximum quantity of silver 
that the gelatine will hold. Development is 
carried out to obtain the grea-test amount of 
contrast, and a developer used which will 
give as fine a grain as possible. No printing 
process does full justice to the negatives, as 
the images are of necessity somewhat thin 
and the elements of structure often result in 
but small differences of density. To fully 
appreciate the advantage of the method the 
original negatives must he seen. 

It has to be admitted that the whole process 
is one of considerable difficulty ; it involves 
considerable acquaintance -with spectroscopic 
methods as well as those incidental to ordinary 
microscopy. At the same time the results 
that have been secured are an advance on 
anything that can be done by any other 
method. In the present state of knowledge 
there is no indication of any optical improve- 
ment being effected which will be a substantial 
advance in microscopic method, hut if radia- 
tions of sufficiently short wave-length can be 
utilised, it is difficult to see what limits can 
he placed on the microscope. The illustra- 
tions chosen are of simple, well-known objects, 
BO that the differences in appearance can be 
appreciated. Mgs. 3, 5, and 7 arc photo- 
graphs of living organisms illiiminatod under 
the best possible conditions by means of a 
dark-ground illuminator. Mgs. 4, 0, and 8 
are the same organisms photographed in 
ultra-'violet light. In each case there is a 
suggestion of structure in the dark -ground 
image, hut there is no comparison when careful 
examination is made between the two images. 
On theoretical as well as practical grounds 
the dark-ground method is useful enough for 
the observation of somewhat gross structures, 
but it utterly fails when resolution of a high 
order is qeededt 
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§ (7) ViSTTAL Methods. — As a means of 
microscope research, the method so far de- 
scribed suffers from the disadvantage that it 
is purely' a photographic process. The visual 
image obtained upon the fluorescent observing 
screen, which is used for the location of the 
image and approximate focussing, affords no 
indication of the ultimate value of the results. 
There is only one method by which, a visual 
image can be obtained, which is indicative 
of structure, and that is hy observing the 
fluorescence that occurs in certain animal 
tissues and other substances when they are 
illuminated hy means of ultra-violet light. 
It is well known that fluorescence is brought 
about principally by the ultra-violet rays ; 
• the rays of the visible spectrum being much 
less active. The microscopic observation of 
the fluorescence of animal and vegetable 
tissues differs in practice from that hitherto 
described. There are two sources of light 
available, either an electric arc or a quartz 
mercury vapour lamp. The 'electric arc is 
preferable, and can be used either with 
ordinary carbons or with one or both carbons 
provided with a core of copper, iron, or nickel. 
Carbons impregnated with carbonate of iron 
also form a satisfactory light source, as the 
resulting radiations consist in large part of 
light in the ultra-violet region. The necessity 
for a spectroscopic arrangement to decompose 
the light does not arise, as the particular 
wave-length of the radiations employed is 
not of moment. In addition, the loss of 
light resulting from the use of a pair of quartz 
prisms to isolate the ultra-violet region of the 
spectrum is so great as to render the observa- 
tion of some fluorescent images difficult, if 
not impossible. The fluorescence that occurs 
is characteristic of the fluorescing body, and 
is practically independent of the wave-length 
of the exciting light. It follows therefore 
that, if ultra-violet only can be used as an 
illuminant and all visible light excluded, a 
satisfactory light source is at once ohtamed. 
This isolation of the ultra-violet portion of 
the spectrum was not practicable until R. W. 
Wood of Baltimore ^ found that nitrosodi- 
methylaniline in aqueous solution of one in 
five thousand to ten thousand would transmit 
a considerable portion of the ultra-violet 
spectrum while cutting out part of the visible 
spectrum. A quartz or uviol glass cell can 
therefore he :^ed with tTifa solution of a 
thickness of about 1 cm., and this acts as an 
ahsorbi^ screen.* In addition, a piece of 
blue uviol glass, together with a cell containing 
a 20 per cent solution of copper sulphate, is 
used. The purpose of the sulphate of copper 
is to cut out the extreme red, which is othor- 


^ Wood, Phil Mag., 1903, vi. 257 
* Leh^un “ k Filter for Ultra-Violet Bavs, and 
d. JbeiUcUn Physik. OeseHsckaA 
1910, l4o. 21 : PJUlgers Anhiof, Phyaiologie, cxlii 


wise transmitted, and it also absorbs invisible 
heat waves. A quartz Ions of suitable focal 
length is placed in front of the arc, so that a 
parallel beam is projected on to a right- 
angled prism of quartz which takes the i)laco 
of the ordinary mirror on the microscope. A 
quartz condenser similar to that used in the 
case of ultra-violet light photography is placed 
in the substage. The object itself, which must 
be in thin section, is mounted on a quartz slido 
in any suitable fluid which is trans])aront 
to ultra-violet light ; but it may ho covered 
with an ordinary cover-glass, as the fluoroscicnt 
light emitted by the object is in the region 
of the visible spectrum. The only j)rocautic)n 
necessary is to ascertain that the particular 
glass used does not itself fluorosco. Reciontly 
Messrs. Chance Brothers have introduced anew 
land of gloss which is transparent to ultra- 
violet light while transmitting but little visiblo 
light. If used in conjunction with a sulphate 
of copper screen, as already described, it 
forms a very efficient moans of obtaining 
ultra-violet light, the region transmitted hcniig 
between 300 and 400 micromillimetros wavtv 
lengths. The effects obtained when. iiiiHininod 
microscopic objects are illuminated in this 
way are very beautiful, and in many oases a 
range of colour is produced which extonds 
over a considerable portion r)f the visiblo 
spectrum. In view of the subtle differenooa 
of tint that occur in the fluorescent image, 
the value of the result is largely depend ent 
upon the power of the observer to detect 
colour differences ; the colour sensitivonoss (»f 
the eye is in fact the determining fac^tor. As 
all solid bodies which fluoresce in ultra.- violet 
light also have a definite phosphorc«ic<uit 
period, it is probable that an application of 
Becquerel’s phosphorosoope might bo found 
to be of considerable value in these observa- 
tions. issues are best observed in as frtish 
a condition as possible, and sections are 
preferably cut frozen to avoid the neoosBity 
of employing embedding processes, which may 
cause structural changes. The seotion itsoif 
must be thin, because if there are superimposed 
elements of structure the underlying 
which fluoresce cause a considerable amount 
of light diffusion. All animal colls and 
tissues, except those which arc pigmented, 
have the power of fluorescing in ultra-violet 
light Haemoglobin, or its derivatives, doc'^a 
not^ fluoresce. The following arc a f<nv 
typical examples of the colours whifOi (ht- 
tain animal tissues exhibit -as the result of 
fluorescence : 

^Unpigmented hair : intense light yollow. 
Pigmented hair, such as black : no fluoroiHciciico. 

Skin : intense light blue, the blood- 
appearing dark and non-fluorosoont. 

Teeth: intense white, somewhat bliuHli in 
tint. 
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Mucous memlrano of small iutestino : light 
groeu. 

Spleen: dark brown. 

liver : dark brown, somewhat greenish. 

Kidney ; dark yellow green. 

Section of lung : dark brown, aom-ewliat 
greenish ; transverse sections of the larger 
vessels of hronolii fluoresce light hlue. 

Aorta : intense light yollow. 

Muscles : intense light green. 

Eat : light green. 

Bones : light blue. 

Cornea and lens of the eye : intense light 
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MrLrjLAMBERr : one - thousandth part of a 
Lambert (q.v.). It is a unit of brightness 
equal to IO/tt candles per square metro — Le, 
to 0- 92 equivalent foot-cancllcs. Soo ‘ ‘ Photo- 
metry and Illumination,” § (2). 

MEDLiPHor : one- thousandth part of a phot 
(^.u.), and therefore equal to 10 lux or 
0-92 foot-candles. See “ Photometry and 
Illumination,” § (2). 

Mine Oases, DBrEorioN of, bv Beats, See 
“ Sound,” I (53) (ii.). 

Mirroes,' Habf-sevbrbd. See “Silvered 
Mirrors and Silvering,” § (5). 

Mixture Curves : the curves showing the 
proportion of the three primaries of a 
trichromatic colorimeter req^uirod to re- 
produce the colours of the spectrum. See 
“ Eye,” § (10). 

MoDUTiATiON : a tomi used in music to 
denote change of key or mode in the 
course of a of music. See “ Sound,” 
§( 4 ). 

MoNOomoMATio iLbUMiNATOB: an instru- 
ment for Hoparating tho oonstituonts of a 
white or complex light and illuminating an 
object with light of one ■wave-length only. 
Sec “SpoctroBcopes and Bofractometors,” 
§ ( 21 ). 

Moseley’s Law of Atomic Rtruotitre. The 
positive ctluirge on tho nucleus of an atopi 
is NT unitH, whore N is the atomic number, 
i.e. the soquonoo nnmbot of the element in 
tho poriodie table, and there are N electrons, 
each of unit negative charge, surrounding 
it, to countorhalanoo tho nucleus and form 
tho atom, fioo “Crystallography,” § (20). 

Motor Car HEADUoiiTa, Photombtey of. 
Seo“ ]?hotomobryan<lllliiinination,”§ (113). 



NAKAMURA’S rOLAErMETER-NAVIGAriON 


N 


NAKAMm^’s PoLAEiMBTER. See “ Pokii- 
metry,” § (11) (ii.). 

Nautical Astronomy. See “ Navigation and 
Navigational Instruments,” § (18). 

NAVlGAriON AND NAVIGATIONAL 
INSTRUMENTS 

I. Inteoductioe 

§ (1) Methods employed. — Tlie principal 
demand that tLe navigator of a ship makes 
upon physical seienee is for instruments that 
■will enable him to determine his position upon 
the surface of the earth, and for instruments 
that \vill enable him to determine the direction 
in which his ship is moving. 

Until a recent date methods of navigation 
could be classified either under the heading 
of “ dead reckoning ” or else of nautioal 
astronomy. In addition, methods of deter- 
mining position from the bearings of recognis- 
able landmarks, and of identification of position 
■from a series of soundings, occupy a subsidiary 
place in the science of navigation. Becently 
an entirely nevs^ method of position fixing has 
been developed, namely directional tireless 
telegraphy, a method which has such great 
possibilities that it is conceivable that in 
time it mil entirely displace astronomical 
methods. 

§ (2) Leading Marks. — ^The simplest of all 
methods of position fixing is by leading markis 
when in sight of a coast. A shoal can Ibe 
marked and avoided hy beacons set up on 
shore or by natural landmarks noted as being 
in line when just clear of the danger. By 
watching the relative changes of bearing of 
these marks the navigator keeps his ship in 
safe waters. An extension of this method 
(which requires the use of four shore objects) 
is to utilise three oiJy and the angles they 
subtend at the ship. If three points, A, B, 
and C, can be identified on the chart and if the 
angular distance from A to B is a and the 
distance from B to C is ^ there is a unique 
position determined by the point of intersection 
of two circles. The instruments re< 5 [uired for 
such position fixing are a sextant to measure 
the two angles . a and and, to avoid the 
trouble of geometrical construction, a station 
pointer to lay off the position on the chart. 

Another method is to take the bearings of 
two known objects by means of the azimuth 
compass. lines of bearing in the reversed 
directions from those observed are then drawn 
through the objects upon the chart and their 
point of intersection gives the position of the 
ship. With one object only the fiix can only 


be made by taldng two bearings at dilTorent 
times and lajring down ui)()n the cliart the 
“run” of the ship in. the interval. Eor such 
a fix the navigator must have moans of 
deberminhig the direction and speed of the 
ship through the water, and these data, com- 
bined with the observed leeway and the sot 
and drift of the tides as given by tide taldes, 
enable him to complete the fixing t)f his 
position. Speed is measured by log lino, 
which in its primitive form was simply a log 
of wood dropped over the stem and lino paid 
out as fast as it would run, sj)ecd being 
measured hy the number of knots of the lino 
tha.t ran out in a specified time, usually 
fourteen or tventy-oight seconds. The modern 
form of log indicates continuously the disiancJO 
a ship has run. For rough puri)oseH the 
rapidity of revolution of the qjropcdlor is also a 
measure of the speed. 

§ (3) Astroncmioal Mktiiodh. — Huoh 
methods as have been doscjribod n))ove arc 
applicable only when the shif) is in sight of 
land. For cross-seas navigation the position 
is known provided the course, i.e. the direction, 
aad speed are continuously and accurakdy 
known. But an error in the cloterminiition 
of the course or an error in the estimation 
of the speed will have a cjnmulabivo effect 
upon the ship’s position, so that it is clour 
that dead- reckoning methods cannot bo relied 
on to give accurate information to the 
navigator for any length of time. Bosidos the 
inaccuracies of the log and the inac.tfuraciefl 
of steering or of the compass itself, there arc 
also unknown effects from wind and from ocean 
currents. From time to time, tlioroforo, it 
becomes necessary to have recourse to 
astronomical methods in order to fix tlio 
position and so obtain a now and acjcurato 
point of departure from which a new <load 
reckoning can he made. Ordinarily the 
navigator likes to have an astronomical fix 
at least once a da 3 ’’ ; in a ship running at high 
speed sights are taken more often still when 
the Treather permits. With an ovorcfast slcy 
nothing, until the advent of directional wirc^- 
loss telegraphy, was available to the luudgntor 
hut dead-reckoning methods. 

Every astronomical observation for position 
is a measurement of the angular altitude of a 
heavenly body above the horizon at a iiotxKl 
tiine. The altitude is measured by a sc^xtant 
and the time obtained from a clironoinotcr 
whose error on Greenwich Moan '^rinic is 
knowi with suflSciont accuracy. For'inorly 
this error used to be obtained from tlio known 
error when the ship was last in port, and from 
the rate determined from, a previous error. 
Nowadays a ship with wireless can obtain 
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tli 0 error of ker chronometers by time signal 
in almost all parts of the world 
§ (4) Tee Sumner Line. — A sight having 
been taken, the observed altitude and time 
give the navigator a means of drawing upon 
his chart a certain lino of position or “ Sumner 
Line.” The position of this line can be realised 
from Fig, 1. Let X be the snbsolar ( substollar 



or sublunar) point, that is, the one point 
upon the earth’s surface at which the sun’s 
centre is at the zenith at the time the sight 
is taken. The earth being treated as spherical, 
the suhsolar point is that place at which a lino 
drawn from the earth’s centre to the sun’s 
centre will cut the earth’s surface- Such a 
lino being a radius of the earth is a vertical 
lino at this point, and the sun, at that point 
and at that time, has an altitude of 90° above 
the horizon. The latitude, XD, of the sabsolar 
point is the sun’s declination and the longitude, 
GD, is the Greenwich apparent time converted 
into angle- B'’or the case of a star the latitude 
is the declination and the longitude the star’s 
Greenwich hour angle at the time. 

If a circle of 60 sea mil os radius be described 
round tho subsolar point, its oircumforonco 
contains all those ])ointfl on tho surface of the 
earth whoso verticals arc inclined at an. angle 
of one dogroo wth tho vortical of X. Hence 
at tho instant in question this circle is the locus 
of all points for which tho altitude of the 
sun is 80"°. If tho circle has 120 sea miles 
radius it booomos tho loons of points for 
which the altitude is 88® and so on. I?hc 
curvoB of constant altitude arc i n facta scries 
of small cirolos drawn round the suhsolar 
point as pole and spaced in exactly" tho same 
way as tho parallels of latitude round tho pole 
of tho earth, The doductions tliat can there* 
fore be made from an ordinary navigational 
“ sight ” arc simply that tho ship’s position 
is somewhere on a certain small circle that 
can be drawn, if need be, for its polo and its 
radius are kno^vn. 

As tho navigator always knows the position 
of his ship with approximate accuracy, he is 
conoomed with a small portion only of this 


small circle, namely that part of its ciroiun- 
ference which is in the neighbourhood of his 
dead-reckoning position. Por such length of 
the circumference as he usually has to consider 
it is sufficient for him to treat the curve when 
projected on to the Mercator chart as being 
straight, and such a line is called a position 
line or Sumner line, after Captain Sumner, an 
American merchant-service captain who first 
called attention to tlie use of them. 

The methods by w-hich the position of the 
Sumner line can be determined are various, 
hut tho method of false positions devised by 
IMarc St. Hilaire is the one now most commonly 
practised. A position is adopted which is 
known to bo nut far diffioront from tho shij>’s 
actual position, and the altitude of the sun or 
other heavenly body is calonlatod for that spot 
and for tho instant at which tho sight was actu- 
ally taken- A comparison is made between this 
calculated altitude and that measured by tho 
sextant, and tho diftoronce between tho two, 
measured in minutes of arc, represents tho 
distance, measured in soa miles, separating 
the assumed position from tho Sumner lino. 
If tho observed altitude is tho greater, then 
tho Sumner line is nearer to tho suhsolar 
point than tho assumed position and nee 
mrscL Tho Sumner lino is always drawn at 
right angles to tho true hearing or azimuth 
of the heavenly body observed, so that the 
distance of tho assumed position from the 
Sumner lino is always measured in the direction 
of tho true hearing. 

§ (I)) SoTTRoms OR Error. RErR.A0TroNr.--As 
in all instrumonts for precise measurement, 
on .0 of tho main conaidorations in tho design 
is tho errors that arc likely to arise and to ho 
present in tho measured values. Tho elloot 
of an error in tho measurement is very apparent, 
as each minnte of error moves tho Sumner lino 
one soa mile parallel to itself. Tho accuracy 
with which tho position lino can be laid clown 
upon tlio chart is precisely tho accuracy 
(apart from errors of drawing) with wMch 
the sun’s altitude can bo measured. Krrors 
enter into tho final result cither from errors 
of tho floxtiint or inaccuracios duo to external 
causes, of which tho only one which needs 
consideration is tho variable atmosphoiio 
rofraotion.^ This will affect both tho position 
of tho sun in tho sky and tho apparent position 
of tho hordzon, and it is obvious that tho latter 
will bo the more displaced of the two. The 
depression of tho visihlo horizon in minutes 
of arc, if the atmosplioro had no refractive 
cffcot, is 1 *003 where h Is tho height of the 
observor’s eye in foot. AtTUosphorio refraction 
reduces this amount by approximately 8 per 
cent, and tho tables for dip, as tho depression 
of the horizon is also cnllod, arc calculated 

1 Sec “Trlgonoiaotricalllolghts,” etc., Vol. in. 
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from the formula O'^SsJh. Por abnorma/l 
sta,tes of the barometer and temperature 
correcting tables are given, and. in the majority 
of cases th.e results are sufficiently close for 
the ship’s navigator. Circumstanoes may, 
however, arise in which these dip tables are 
widely erroneous. The most likely conditions 
for error are a cakn clear day with a warm air 
and a colder sea. There will then be an 
inversion of temperature in the lower layers 
of the atmosphere, and the refraction factor 
ill the dip being based on the supposition 
that the atmosphere is in a state of equilibrium 
in which the temperature falls uniformly at 
the rate of 1° C. per 600 feet is in these 
circumstances quite false. In special oases 
errors in the dip tables have been known to 
be so great that, the sea horizon is refracted 
above the true horizontal and the sea as 
seen from the deck of the ship appears saucer 
shaped. Errors of four or five minutes under 
the conditions quoted above appear to he 
common ; several reliable reports have heen 
made of the dip being as much as twenty 
minutes in error. 

When, as in cable laying or in marine 
surveying, accurate position fluxing is needed, 
it is customary to oomhat errors of refraction 
by taking sights in a series of azimuths and 
determining the position from the Sumner 
lines so obtained. Sometimes subsidiary in- 
struments are used to measure the dip at the 
time of the observation. These are described 
later. 

Errors in refraction do not affect the 
heavenly body observed to the same extent 
unless its altitude is very low. Usually if the 
altitude is not less than 20° any inversion of 
temperature in the lower levels of the atmo- 
sphere will hardly affect the apparent poBition 
of the body in the sky, and the tabulated 
values of the refraction in altitude will he good 
enough. 

§ (6) Othbe Sotjrobs of Eerob. — O ther 
errors which affect the accuracy of the 
position line are those of the sextant itself, 
namely the first order zero error and the 
second order perpendicular error, side error, 
and oollimation error. These are explained 
in the description of the sextant. 

The possibility of the navigators being able 
to take any sights at all depends upon the sea, 
horizon being visible, frequently it is 
obscured by low-lying banks of mist. At 
night-time it is always difficult to distinguish 
it except in bright moonlight. When a 
telescope is used with the sextant the difficulty 
is greater still. Only a portion of the exit 
pupil of the telescope is occupied by light 
from the horizon, and there is always loss by 
internal reflection at the various glass air 
surfaces of the telescope. Taking both these 
into consideration, it is found that the intiinsio 


brightness of tlie horizon is less than half who«i 
viewed through the telescope of what it is 
when viewed by the unobstructed naked cyo. 
Through such reasons as those it has hcoonic a 
very common practice of navigators to liinit 
their star observations to morning and ovening 
twilight during the half-hour or ao when tho 
horizon is still reasonably clear and tho l>righU?r 
stars can be picked up without difficuilty. ( )no 
direction in which many attempts to solve 
those difficulties of the navigator have boon 
made is the provision of something which 
will replace the sea horizon as a biisis of 
measurement of altitude. All these attempts 
have heen made with tho idea of ])r()viding 
some sort of level or vortical controlh^l by 
gravity. The reason for their failure is 
referred to in the description of the scnxtant. 

§ (7) Fixino Position. — From what has 
been stated it will be seen that obHervataons 
of two heavenly bodies, or two <)hHorva- 
tions of the same body .soj)arate(l by a 
distinct lapse of time, arc nc<‘OttHiiry for 
the determination of a fix. During the day- 
time the second course has to ho a(l()[)t(^d. It 
is true that oooasionally the moon c^an bo 
used, but for some reason, possibly be(.^aaao 
the corrections are troublesome, few navigators 
make use of it. Tho planet Venus, when at 
her greatest distance from tho sun, can also 
be used at times, but it needs a very skillod 
navigator to pick the star up in broad daylight 
and to measure her altitude. 

Attempts have also been made to obtain 
a bearing of the sun with sufltieient aocniraoy 
to enable the position of tho ship on tho 
Sumner circle to be identified. If tho bearing 
can be taken with the certainty that tho error 
does not exceed a quarter of a degree^ then tho 
ship’s position on the Sumner circle can ho 
limited to a length of a few miles, tho amount 
depending upon the altitude. But it is 
cult to get a magnetic or gyro compasu to 
maintaia such accuracy, and the error oarmot 
be measured to that precision at sea oxcei)t 
by Polaris, the only star whose bearing can 
be sufficiently accurately calculated when tho 
'ship’s position is only roughly known. 

Another direction in which imi)r<)VO(l ai<lH 
to navigation are likely to ho forthcojning 
is from the extensive exporiments in Hound 
ranging that have been carried out in the 
recent war. These experiments have covor<*(l 
a very wide field and have achicwocl many 
valuable successes. Among those may ho 
instanced directional hydrophones, hy ineariH 
of which distant submarine signaln can ho 
located in direction at ranges up to fifty 
For approaching a coast in foggy weather tho 
peace time u.ges of such devices arc obvious. 
Again, the experience of war has shown that 
it is possible, by exploding a charge under 
water, to time the echo reflected back from 
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another ship with such a nice degree of 
aociuraicy that Iior range can he calculated 
from it. It is likely that auoh research will 
make it possible to take deep-sea soundings 
with infinitely less trimhlo than was attendant 
U])c)n the old methods. 


II. IHSTETJMENTS TTSED IN NaVIOATIOII 

§ (8) Hethods of Dead Reckoning. — 
When the nayigator has determined his 
position (latitude and longitude) at a certain 
instant, and subsequently knows his courses, 
speeds, and lengths of time running on those 
courses, ho has sufficient information to supply 
him with tho position, at any tinae afterwards. 
The new position can. bo determined either by 
plotting the track upon the chart or by working 
out a “traverse,” which moans that each 
element of the distance run must be resolved 
into its no itli- south and oast- west components. 
The algebraic sum of the former gives the 
“difi. lat.” from Ms previous position, the 
latter his “ dei)arture ” from the same spot. 
Tho “ departure” being found, the difference 
in longitude is deduced from the relation 

Diff. long, = Departure x secant mid latitude. 

The whole of tlxe resolution of the different 
olemonts of tho run into components can be 
done by tlio traverse table- 
Tho accuracy of tho final estimation of 
position depends upon tho accuracy of tho 
arguments — course and distance — ^with which 
the traverse table is entered. “ Course ” is 
rendered inaccurate by unsteady steering, 
and by erroneous estimation of the leeway 
made. “ Speed” has errors duo to inaccur- 
acies of tlio log. 

Tho two instruments concerned with dead- 
reckoning estimation of position are tho 
Compass (magnetic or gyrostatic) and the 
Log line. 

^ § (9) TubMagneteo Compass, (i.) Descrip- 
tion , — Tho magnetic compass is undoubtedly 
the most impoitant instrument of navigation 
in UHo in the ship. It consists of a circular 
card, divided into degrees and “points,” to 
which is attached a series of magnetic needles. 
The whole, balanced upon a central pivot 
and kept in a horizontal position through 
tho weight being below the j)oint of support, 
turns under the earth’s magnetic force so 
that the needles lie in tho magnetic meridian. 
The reading of the card against a “lubber- 
line ” in tho bowl then indicates the direction 
of tho ship’s head. 

Compasses are either of the liquid type or 
else of the dry-card type. In the former case 
the whole bowl is filled with a mixture of 
alcohol and water, the formula for naval 
compasses being ordinarily 67 per cent distilled 


water and 33 per cent pure alcohol. For air 
purposes, where much lower temperatures are 
encountered, pure alcohol is used. The object 
of the liquid is to increase the damping effect 
and cause the compass to settle down more 
quickly if by any chance it is disturbed. 

Tho support of the card is usually in the 
form of a sapphire cap resting on an agate 
point 

The needles in most cases arc disposed syinmetrio- 
ally in. two parallel bundles on either side of the 
centre and at sucli disianocf^ as will give the whole 
equal moments of inertia about any diameter of the 
card- Unless this equality exists the principal 
moments of inertia will lie, from considerations of 
symmetry, in the north- south and east- west linos. 
If such a compass is subject on board to a forced 
oscillation, about any other diameter of tho card 
than a cardinal one, an oscillation of tlio card in 
its own plane will bo set up with a )jcriod which 
increases as tho dilTerenco between tho Wo principal 
moments of inertia is lessened. As forced osoiUations 
of this description are very likely to result fronn tlio 
vibrations of the main engines or of other machinery, 
tlie equality of tho two principal moments of inertia 
is of oonsidemblo importance. "With two single 
needles tho distance apart shoal(^bo equal to tho 
I length of the noodles divided by^ys. 

Tho relative values of the strength of the 
horizontal component of the earth’s magnetic 
field, tho viscosity of the liquid, friction of the 
pivot, etc., and the moment of inertia about 
the axis determine tho period at whioh the 
card will oscillate about its equilibrium 
position and the rate of decay of the ampli- 
tude of this oscillation. Usually with a 
liquid compass the period for the latitude of 
Greenwich is from 10 to 18 seconds from 
rest to rest and the decay factor, t.e. the 
ratio of a half-swing from rest to rest to the 
one preceding it, about one-half for each 
successive half-awing. 

In certain oomposscR \isc(l in aircraft the damping 
lias boon increased and the imomcnt of inertia reduced 
to such an extent that tho compass is aperiodic 
and goes directly back to the moridUin without 
oscillation, 

Tho direction of tho shij)’s head, as shown by 
tho compass, requires correction for variation 
and deviation. The forraor term denotes 
tho angle between the magnotio and the 
geographical meridians and is obtainable 
always from tho Admiralty charts, in which 
tho anaount at the date of publication and 
the annual change are indicated. The devia- 
tion of the compass is the angular deflection 
of tho needle from tho magnetic meridian due 
to the influence of the permanent and induced 
magnetism of tlio iron and steel used in the 
construction of the ship. 

(ii.) Historical . — The origin of the magnetic 
compass is lost in obscurity. It is apparently 
referred to in Chinese and Siamese manuscripts 
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of the fourth century. Possibly it antedates 
the Christian era. Tlnqi^uestionably it remained 
a very crude instrument indeed until the 
fourteenth century, when the Neapolitan 
Flavio Gioia made very considerable improve- 
ments in it, but even then it was so very- 
approximate in its indication of the north 
point that it was always believed to indicate 
the true north, and it was not imtil 1555, when 
Martin Cortez of Seville published a hook on 
navigation, that any mention is made of 
magnetic variation. Twenty years later mag- 
netic dip was discovered hy Norman, and from 
data supplied hy seamen curves of magnetic 
varia-tion and dip were gradually constructed- 
Towards the end of the seventeenth century 
differences in the variation as supplied by 
different ships began to be manifest. Denis 
in 1666, and Dampier in 1691, instanced 
anomalies of a similar kind, and Wales, who 
was astronomer to Cook’s expedition to the 
South Seas, first asserted that the direction 
of the ship’s head affected the eompass- 
In 1794 Mr. Bo-wnie, master of H.M.S. Glory, 
observed that “ the c[uantity and vicinity of 
iron in most ships has an efEect in attracting 
the needle.” In 1801 Captaia Flinders, whose 
name is still preserved in connection with the 
“ Flinders bar,” fonnd that a change in the 
position of the binnacle affected the compass, 
and as a result of his representations to the 
Admiralty a series of experiments was made 
at Sheemess on several of H,M. ships, but 
the scope of the work was too limited to 
permit of really general deductions being 
drawn. Professor Barlow, after an extensive 
course of experiments, proposed in 1819 to 
counteract the effect of large masses of iron 
used in the construction of the ship by a 
circular plate suitably placed in proximity 
to the compass, and in 1835 Captaia Johnson, 
the Admiralty Superintendent of Compasses, 
found during an investigation into the 
apphcahility of Barlow’s plate to the compasses 
of the iron ship Goirryowtn^ that the ship 
herself was permanently magnetic and that 
the plate failed to correct the resulting 
compass error. As a result of Johnson’s 
experiments the Admiralty commissioned 
Airy, then Astronomer-Royal, to make further 
experiments on board the iron vessels Edmbcm 
and Ironsides, and his conclusions from these 
experimen-te were that the permanent 
magnetism of the ship could he eoimteracted 
by the location near the compass of suitably 
placed permanent magnets. 

While these investigations were being made 
in England, Poisson was also engaged in 
similar work in France. His work, which 
was of a more academic character, was 
presented to the Academie des Sciences in 
1824. This celebrated memoir on. the Theory 
of Magnetism is generally reoognised as 


forming the foundation of tho Theory of th(^ 
Deviations of the Compass. In 1838 ho 
oontribu-ted a second memoir in which, 
although recognising tho possibility of j>tT- 
manent magnetism being present, ho yet ]>r(,v 
sumed that it was of veiy small amount, aiul 
omitted it in his solutions. 

Unlike Poisson, Airy started with tho 
recognised necessity of dealing wdth tho 
permanent magnetism, but tho doducitioiiH ho 
made from the Iromides oxpori ■moats were 
not fully justified, and subsequently a Horious 
divergence of opinion arose betvv(»<m Aii'y 
and Scoresby respecting tho validity of the 
former’s conclusions. Tho main ])oint at 
issue was whether tho rules devised by Airy 
for the correction of the conii)ass applied 
only in the place at which tho corrooth )nfi 
were made or whether they cotild also ho 
considered reasonably accurate for changes 
of latitude. Scoresby also aflirnuHl that tho 
so-called permanent magnetism of iJio Hhip, 
produced by hammering, etc., during coiiHlruft- 
tion, was only sub -permanent ; that a largo 
part of it disappeared during tho early voyage's ; 
and that it might bo very largely chang(Hl hy 
the buffeting that a ship might recoivo if sho 
continued on the same course for any Icuigth 
of time in heavy weather. Tho lows of an 
important ship, the (Taylor, on hot first voyage, 
in 1854, a loss which was in sonic qtiartcrs 
attributed to the defects of Airy’s conclusions, 
led to the formation of tho very inijxirtant 
Liverpool Compass Committoo, wliioh issued 
three reports on the Deviations of tho Clomptiss 
— in 1856, 1867, and 18C1. Following fhcHO 
reports the Admiralty ordered fui’tbcr in- 
vestigation, and a mathoimiticsal examination 
of the subject was carried out hy Artdiibtild 
Smith, very largely baaed on l^oisHon’s 
original work. Subsequently, under the (lirc(i- 
tion of Captain R J. Evaiia, R.N,, Suixt- 
intendent of the Admiralty CioinpusH Dopmt- 
ment, and of Archibald Smith, tlic Admiralty 
Manual of the BevioiioThs of ike. (hfHpasu was 
published in 1862, and passocl through hu<‘.<u'h- 
sivo editions in 1863, 1800, 1874, 1882, 1893, 
1901, and 1912. 

Tke Admiralty Manual, with its invc'stiga- 
tion and rules "for correction, is now lo<)k('d 
upon as the standard work on tho Huhj(M4., 
and has been adopted as tho btisin of similar 
publications in other countries. 

Very few changes wore noocissary in tlu^ 
first five editions, hut in the sixth, brouglit out 
in 1893, certain modifications of detail had 
to be introduced on account of tho gi'C'ater 
use of steel in ship construction ; but in 
principle there is little change sinoo tho work 
first appeared, and tho only controvemial 
points that have aroused any discussiou Jiav<' 
been such matters as tho comparative morits 
^ of the liquid as against tho “dry -card” 
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coinpass, the construction of tho cap and 
pivot, and the most suitable period of 
oscillation.. 

With the advent of aeroplanes and airships the 
nood of compasses for their special use became 
apparent, and experimental work is still in progress 
for tho purpose of evolving the best type. One of 
the principal difficulties in this connection lies in the 
fact that an aeroplane in turning is subject to very 
large horizontal acceleration, and tho compass card 
“banks” in oonscq[tience at angles of possibly 60° 
or 70° with tho horizontal. Under such circum- 
stances tlio vertical ooniponont of the earth’s 
magnetism may have as much or oven more olfeoi on 
tho noodle than tho horizontal. In particular it is 
quite possible, when turning away from north, for 
the compass to go of! in tho wrong direction. 'Wlicn 
in sight of tho ground this is comparatively un- 
important, but when flying in cloud tho unreliability 
of tho compass in indicating turn can easily result 
in tho pilot’s getting Ms machine into a “ spinning 
nose divo.” It appears impossible to provide a 
compass that will fulfil all tho requirements of the 
air j)iIot, and up to tho present tlie “ aperiodic ” 
previously roforrod to scorns to ho tlio best 
compromise. 

§ (10) Mathbmatioal Thboey of the Com- 
PASS. (i.) Deviation Error. — Th© math©- 
matical theory of tho deviations of tho 
compass has to take account of the permanent 
magnetism of tho ship, of the induced 
magnetism of soft iron changing with each 
change of course, of tho varying values of 
the earth’fl magnetic field in different latitudes, 
and to include tho effects that are due to the 
rolling, pitching, and yawing that the ship 
may bo subject to in a soaway. Of these 
throe types of motion that of rolling is tho 
most important. In tho days of sailing ships 
tho vossol would bo hoolod over to leeward 
for long periods, and tho “ heeling error ” 
was of primary impnrtanco. In a steamship 
rolling takes place about the upright position, 
and consequont deviations duo to heeling arc 
of alternate sign, so that thoir relative import- 
ance is loss than it wns in sailing-ship days. 
As the whole of the investigation of heding 
error has boon mado on a statical basis, it is 
quite probable that the formulae obtained 
are not true for a ship with a considerable 
degree of roll when dynamical considerations 
enter into the question. 

For tho purpose of considering: the quantita- 
tive values of the deviation., take as axes of 
roforenoo Co; in tho fore and aft lino (ahead) 
through tho compass, Oy in a horizontal 
athwartship direction (to starboard), and Oz 
in a vertical direction, downwards, tho 
assumption being that tho ship is for the 
present on an. even keel (soo Fiff. 2). 

Lot X, Y, and Z ho the components of tlio earth’s 
field at tho origin, and P, Q, and Bi the components of 
tho sMp’s dold (pormohent magnetism). 


Then the total field will have oonipononts 

Y'=r-hiX4eY+/Z + Q, 
Z^=Z+l7X-fiiY+&Z+B. 

whore a, h, c, d, e, J, gr, li, h are parameters dependent 
upon tho distribution of soft iron in tho ship. These 
cqualions aro duo to Poisson. 



If H and H' arc tho horizontal force of tlio earth 
and tho horizontal force of tho earth and sliip 
rospootivoly, 6 tho dip, ^ the magnotio course, ^ 



tho compass couiso, and 5 deviation, 

wo have (soo Kg. 3) 


X »=H oos Y « - H sinf", Z»=H tan 6 , 
oos f, Y'«-lPshir; 
by substitution and. reduction wo obtain 

2- sin 5 -1- tan 0 sin j" 

4 (^/ian oos ^4^^ sin oos 2^*, 

and 

oos 5-H~ 4 (o tan C+?)(ios f 

-(/kn 0+^) sin g* oo8 2f-'^4’ sin Sf. 

Tho former of those oquations gives tho strength 
of tho couple tending to turn tho compass noodle 
eastwards, tho latter tho strongtli of tho couple 
tending to turn to north. TJio moan value of the 
former is(d-b)/2, wliioh is usually, but not neces- 
sarily, zero ; tho moan value of tluM>thor is 1 4(a4c)/2.. 
This wo denote hy X In iron vessels X is nearly 
always loss than unity. Tho quantity XP, which 
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ia the mean value of H' oos d, or of the component 
of the earth and ship directed to magnetic north, is 
usually knovra as “ mean force to north,” 

If we write 


\ 2 




1 a—e ^ 1 £ 2 - 1-6 ^ 


i^etanS+l) =S. ^ (/taa +|) =«, 


we obtain 

£l+-cB sin i'-l-CS oos sin oos 2 ^* 

tan 5= i-hcB cos^-fisinT-t-S) oos 2^*-^ sin 2f 


which gives the deviation on any magnetic course 
when the ooefifioients £1, etc., are known. 

In terms of the compass oourse the expression 
for the deviation is more complicated, bnt can be 
written in the form 


5=sA-t-B sin H-C oos sin 2^-|-E oos 2^ 

-f-F sin Sf'-I-G oos 3^4-H sin 4i^-l-K oos 4^^ 
4-L sin sr-i-M oos sin 6^4- - • • 

in which A, B, C ... are derivable from d, IB . . . 
In view of the fact that IB. S’, 3) are small quantities 
of the first order, £l and small quantities of the 
second order, and if we go to terms of the third 
order, we find 

A«a 




/ ^ IBa (2.2 S)2\ 

0“2+T^T'^Tj"T’ 


® a* ea ©S'. 


D«5), 


E»s-i-as>, 


The deviation then, consists of a constant 
part A, a semicircular part B sin 0 cos 
and a quadrantal part D sin cos 2^. 

The constant part A is always small for a 
compass placed on. the fore and aft lino of the 
ship provided the masses of soft iron arc 
symmetrically placed, as most usually haj)i>onH. 
The semicircular deviation is due partly to 
the permanent magnetism of the ship and 
partly due to induced magnetism ; the 
quadrantal deviation to induced niagnotism 
only. The correction of the former is made 
by suitably placed permanent magnets and 
by the “ Flinders Bar ” ; of the latter by 
suitably placed masses of soft iron, usually 
two spheres placed one on each side of the 
binnacle. The next term of the expansion, 
the sextantal deviation, represents the effect of 
magnetism induced in tho soft iron (in effoc.t, 
in the correcting spheres) by tho magnets 
of the comiiass itself. In tho particular case 
of spheres symmetrically disposed, the sox- 
tantal term becomes zero provided the 
distance between the two needles is equal to 
the length divided by ^/3, a condition whicdi 
fortunately is satisfied owing to the need of 
the card to have equal moments of inertia. 

It appears,- then, that after tho compass 
has been approximately corrected by i)er- 
manent magnets and spheres tho approximate 
value for the outstanding deviation is that 
given just above. 

(ii.) Heding Error , — When the ship is 
inclined from her normal position, modifica- 
tions in the formula for the deviation have to 
be made. If i be the angle of hod to starboard 
(see Eig, 4) the now deviation can he shown 


_ IB® 5cB3)2 

4 - , 

2 24^ 8 8 


< 2,3 <2163 3 ( 22 ), 


■ +ST“ 


H=?. 


24 8 


8 


M* 


8 ' 
363)2 



Succeeding coefficients would all be of fourth or 
higher orders. Similar expressions for A^, O^, 

etc., when the expansion is made in terms of the 
magnetic course can also be obtained. 

In actual practice it is not necessary to 
go further in the expansion than the first 
five terms, and provided the value of 5 does 
not exceed about 20° we can write 

5=A-1-B sm^-l-Ccos^4-Dsin2|'+ E cos 2^, 


to exceed the deviation d in the upright i)()Hiti( »n 
by a quantity consisting of a constant part, a 
semicircular part, and a quadrantal pai*t. 
When i is small, and when tho soft iron of 
the ship is symmotrically placed, this relation- 
ship becomes 

Si = S-h -h cos ^ ^ oos 2^, 


where 


KA7IGATI0N AND NAYIGATIONAL INSrEUMENTS 


253 


Tho constant part i{c-ff)l2\, and tte 
quadrantal part coa 2^/2X, when 

taken together are equivalent to 

sin^ f', 

A A 

which ■will only ho zero for all courses pro-vided 
c=o and g=o. These conditions are not 
usually obtained, but the values of c/\ and 
gjK are ordinarily small, and tho error repre- 
sented hy those two terms may be safely 
neglected. 

The semicircular heeling error cannot he 
so neglected, and tho error represented hy 
this term has to he specially dealt with in 
correcting the compass. 

Tho quantity -J is usually spoken of as 
heeling coefficient, - Ji as heeling error. The 
correction is made hy vortical magnets placed 
directly helow the compass bowl. 

(iii.) (P?ie Six Ooefficimts. — Owing to the 
symmetrical disposition of soft iron relative 
"to the compass, four of tho Poisson parameters, 
viz. 6, d, Jf and A, become zero, and hence A 
and E arc zero. The coefficients B and 0 
of semicircular deviation then depend on 
cB, <2, and S). The value of the last term 
*3) is in all ordinary cases positive, and can 
he diminished hy soft iron correctors placed 
on either side of the compass. In a perfectly 
corrected compass D, and therefore must 
he zero to eliminate quadrantal deviation, 
and the somiciroular will then only disappear 
provided cB— o and C2.=o. Both these co- 
efficients are compounded of permanent and 
induced magnetism effects, as is seen from the 
equations 

^ (ctan^-hP/H) 

56 — ^ ", 

{0 _( /tan<?4-0 /H) 

and if perfect correction is required in all 
parts of the world, it is necessary that c and 
/ should he zero and P and Q should be zero. 
Tho parameter / is zero from symmetry and 
c is made zero by means of the Plindors bar, 
a vortical bar of soft iron placed before or 
abaft the compass according to whether the 
coefficient is negative or positive. The 
remaining parts of 56 and G are corrected 
hy permanent magnets placed respectively 
fore and aft and athwartships for the puiposo 
of reducing both P and Q to zoro. 

Tho heeling ooefficiont -J, which can be 
written 

(D+|-l)tan9, 
where a = l + AH--w, 

yj 

is zero in a ship for which the quadrantal 
deviation is corrected provided Now 

Z:+B/ 2 !, \ = l-l- J(a4-e), and since a=e 


is the condition for correction of quadrantal 
deviation the above equations reduce to 

R 

«+^=e, 

a condition that cannot be universally satisfied 
unless K=e and R=o, A correction is, 
however, possible in any particular magnetic 
latitude by vertical magne'ta placed below the 
compass. 

§ (11) Determinatiok of the Eeroks of 
A Compass. — By “swinging” a ship it is 
possible to determine in several ways the 
amount of the deviation. One of the simplest 
of those ways is to turn the ship while making 
repeated bearing observations of a distant 
point of land. The ship’s head is steadied 
on each point of the compass while the 
observation is mad© and a curve of errors 
subsequently constmoted. The diameter of 
the turning circle of the ship must be small 
in comparison with the distance of the land- 
mark observed in order to avoid parallactic 
errors, and the exact magnetic bearing must 
he obtained by measurement from the chart, 
or otherwise, in order to discover any constant 
error (A) of the oompass. 

If the ship is swung at sea out of sight of. 
land corresponding observations can be made 
of the sun, but in this case it is simpler to 
determine the deviations hy noting the time 
of each observation and thence calculating 
the true azimuth. 

An alternative method when close to land 
is to set up an azimuth oompass on shore at 
a place free from magnetic disturbance and 
take reciprocal bearings between the landing 
compass and the ship’s instrument on each 
point. Differences of bearing then represent 
tho deviations. 

If the ship is swung in an upright position 
no indication is obtained of the value of 
tho heeling error when rolling, but sufficient 
information is forthcoming if the values of 
X and ft can be obtained. The former of 
these, X, is the ratio of the moan horizontal 
directive force to north at tho compass to the 
horizontal directive force on shore. It is 
determined’ from, the times of oscilla-fcion of a 
horizontal magnet set to vibrate first on 
shore and then on board in the binnacle 
after the compass howl has been removed. 
If the horizontal force on hoard wore the same 
in all azimuths, wo should have X=H7H> 
but since BC' changes with the line of the 
ship’s head it is necessary to use a correcting 
factor, giving rise to the general expression 

H' oos^ 

H ’ r+ ^ooa“f - ^ sirif ^ S) cos 2f- Ssin 21-' 

Tho values of SB, S, 5), and S are obtained 
from the analysis of the curve of deviations. 
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The second constfint fx is obtained from 
measurements of the vertical component of 
magnetism. It is the ratio of the mean value 
of the vertical force on board to the vertical 
force on shore. The measurement is made by 
means of a dip circle, ^hich is a magnet 
mounted so as to turn about a horizontal axis. 
By turning the whole instrument in azimuth 
the needle can be made to hang vertically, 
and the ratio of the squares of the times of 
oscillations about its equilibrium position on 
board and on shore leads to the value of 
Z 72 . As in the previous case, the value of 
Z' changes with the direction of the ship’s 
head, and for precise determination of its 
value it is necessary to make the observations 
on a number of different directions. A second 
method of evaluating is by means of the 
heeling error instrument, in -which a magnet 
can also rotate about a horizontal axis. This 
magnet is exactly balanced before being 
magnetised and is gravitationally in neutral 
equilibrium. Hence, when placed so that the 
needle is free to move in the plane of the 
magnetic meridian, it would set itself in the 
line of the dip. A small aluminium weight 
can be attached to the needle and adjusted 
so that the needle takes up a horizontal 
position. The moment of the weight about 
the axis thus balances the moment of the 
vertical force. By adjusting the weight for 
the instrument firstly on shore and secondly 
on board in the compass bowl the ratio of 
Z' to Z can be obtained. The angle of dip 
can also be determined for this instrument. 

Having obtained the values of X, /x, and 9y 
and knowing also S) from the deviation curve, 
the coefficient of heeling error ( S) - 1 +/u/X) tan 6 
is found. 

§ (12) COREEOTrONS OF THE DEVIATION-. — 
In practice it is desirable that a ship’s compass 
should be as nearly as possible corrected on 
all courses and in all latitudes- It is not 
possible to obtain this state of affairs with 
absolute exactitude, partly from the inherent 
difficulties of the problem and partly from the 
fact that the so-called permanent magnetism 
is only subpermanent, and it is therefore 
essential that the navigator should make 
frequent azimuth observations of the son or 
a star for the purpose of determining the 
deviation for the course he is actually steering. 
The order in which the correc-tions are carried 
out is 

(i.) Quadrantal deviation. 

(ii.) Heeling error. 

(iii.) Semicircular deviation. 

(i.) jT^e Qztddrantal Deviation. — This consists 
almost entirely of the term D sin. 2f, and the 
coefficient D in an uncorrected compass (a) 
does not change with change of latitude, 
(b) is always positive, and (c) remains constant 


for a great length of time. The correction of 
D is performed by means of soft iron spheres 
placed on the port and starboard sides of the 
binnacles, experience of previous ships of a 
similar design suggesting the size of the 
spheres and their position. The ship is then 
swung with the spheres in position and the 
new D determined from the table of deviations 
so obtained. 

If this new D has a positive sign the spheres 
must be moved inwards or smaller spheres 
provided ; if negative the opposite must be 
done. The necessary data are supplied in 
Table IV. of the Admiralty Manual. 

For compasses out of the fore and aft line 
or between decks in the neighbourhood of 
xmaymmetrically placed masses of iron, a co- 
efficient E may exist. This can bo corrected 
by moving one sphere ahead and the other 
astern of ffie athwartship line. 

Before touching the heeling error corrections 
it is usually desirable to take out all or as much 
as possible of the soft iron semicircular devia- 
tion by means of the Elinders bar. This 
consists of a portion of viz. (c/X) tan 0, 
and a portion of (//\) tan S, the latter 
being zero through the symmetrical disposi- 
tion of soft iron. The Flinders bar therefore 
corrects the coefficient c, and the magnitude 
of (5 in an uncorrectod ship is known from 
previous experience. Should it not be so 
kno-wn it can only bo determined from value 
of the semicircular deviations in widely 
separated latitudes. 

(ii.) Heeling JError. — The next error needing 
correction is the semicircular heeling error, 
consisting of a part due to soft iron and a 
part due to permanent magnetism. The latter 
part is much the more important, and no 
separate means are usually provided for 
elimination of the soft iron j)art. The correc- 
tion is made by means of vortical magnets 
below the binnacle adjusted up or down 
until the vertical force in tho binnacle is 
the same as the vertical force on shore. 
The ratio />c : \ is thus made unity, and since 
- J=(S)-l-/.c/X- 1) tan 0 the heeling error is 
thereby corrected, but will require a now 
adjustment of the vertical magnets if tho 
ship makes a big change of latitude. 

(iii.) ASernicircular Error . — Except for con- 
stant deviation A, thoro remains only tho 
permanent magnetism part of tho somi- 
circular error. This is neutralised by moans 
of permanent magnets, some fore and aft and 
some athwartship placed below the Ijinnacslo, 
the numbers and sizes being adjusted until 
the deviation is zero on each of tho four 
cardinal points. 

The constant A ( = ((f - 6)/2X) ought tf) bo 
zero since by symmetry d and b arc both 
zero. In actual fact there is usually a flnnall 
A in an uncorrected ship, and this can be most 
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easily eliminated by a small displacemont of 
the lubber lino. 

Having made the abov-e corrections as far 
as oan be done, the ship has to be swung and 
the values of the deviation (now small) used 
to compile a deviation, table, which is checked 
frona time to time, and the compass readjusted, 
a thing which is particularly necessary after 
largo change of latitude or after heavy weather 
while steering for a considerable time on the 
same course. 

§ (13) The Gyiio Compass, (i.) Oeneral 
Principles. — G-yro compasses in a practical 
form first appeared some two or three 
years before the European War when they 
were put on the market by Anschutz of 
Germany, and by Sperry in the United States. 
The underlying principles were the same in 
both compasses and were the practical develop- 
ment of ideas which had been suggested many 
years previously by Eoucault and by Lord 
Kelvin. The latter described to the British 
Association in 1884 a gyroscopic model of a 
spring balance, which contained gyros instead 
of springs, and a gyroscopic model of the 
mariner’s compass, in which a gyro took the 
place of the magnetic noodle. 

The chief points to notice in the behaviour 
of a spinning flywheel or gyroscope mounted 
freely so as to ho capable of turning in any 
direction are: (i.) that it offers considerable 
resistance to any force tending to deflect the 
axis <jf spin from its original direction, and (ii.) 
that in the case of a force at right angles to 
tho axis, when the axds does yield it moves, 
not in the direction of the force but at right 
angles to it. Thus, if the spinning axis is 
initially horizontal, a vortical force will only 
result in a change of azimuth ; hut any couple 
in tho horizontal plane will pnjduce a change 
of tilt and no hoiizontal motion. It has been 
suggostocl that the lirst-named property of a 
gyro, its power of resisting disturbing forces, 
might boused to produce a compass, or at 
least a direction indicator ; tho gyro being set 
with its axle in some given direction at tho 
start, and maintaining that direction through- 
out the trip. Unfortunately it has, so far, 
boon impossible to provide a mounting so free 
from friction that tho gyr() will not slowly 
drift away from its original direction. Except 
for certain aeronautical purposes where accur- 
acy within a cou])lo of degrees is req[uirod for 
periods of only half an hour or so, this typo of 
“ compass ” has therefore never boon of any 
practical use. 

Every gyro compass which has mot with 
any success up to now has been definitely 
north-seeking, and, if forcibly deflooted from 
the meridian, works its way back by a sorios 
of damped oscillations like a magnetic compass, 
but much more slowly. This is accomplished 
by taking advantage of the earth’s diurnal 


rotation and causing the gyro to be affected 
by it. This rotation has an influence on the 
gyro compass which is analogous to the ofloct 
of terrestrial magnetism on a magnetic com- 
pass. Tho earth’s rotation may be regarded 
as an angular movement of the vertical in 
space, and is made use of by causing the gyro 
to be sensitive to any change in the position 
of its axis of spin relatively to the local vertical. 
The obvious method of doing this is to mount 
the gyro \vith its axis horizontal in a pendulous 
frame. The gyro tends to maintain its direction 
in space while the vertical shifts ; its axis thus 
in general acquires a tilt from tho horizontal 
position, and the pondulousness of tho frame 
then supplies a couple which causes the gyro 
to “process” or move in azimuth. If the 
axis ]:)oints north and south, the shift of tho 
vertical does not alter the angle between it 
and tho axis, which still remains horizontal ; 
thus no couple is produced and tho axis 
continues to point north and south. This is 
tho principle of Foucault and of Kelvin, 
applied by Anschutz, Sperry, and others. It 
is tho only principle on which a successful gyrcj 
compass has yet boon constructed. 

(ii.) Parly Porms of Compass . — Trials of 
Ansoliutz and Sperry compasses were carried 
out by the British Admiralty about 1910, but 
it was found that although otherwise fairly 
satisfactory they both showed large deviations 
when the ship was rolling, unless at the same 
time the ship’s head was towards one of the 
four cardinal points. This “ Inter-Cardinal 
Rolling Error,” as it is called, was overoomo 
in about a year by both makers. Anschutz 
redesigned his compass entirely and added 
two more gyros of tho same size as tho primary 
gyro, making throe in all ; at tho same time 
he adopted an entirely now method of damping 
invented by Schuler, a Ckitmau. Sperry, 
however, adlierod to the original form of his 
compass, but added one small subsidiary gyro 
called the “ Floating Ballistic Gyro ” to over- 
come tho deviation ft)rmorly caused by rolling. 

Tho increasing use of largo masses of iron 
and of olootrical machinery in modern ships — 
particularly in submarines — had by this time 
greatly impaired tho reliability of the magnetic 
compass, so that tho advent of a gyro coinpass 
which would not bo affected by stray magnetic 
liolds, and which promised to indicate the true 
north at all times, was particularly timely. 
After oxporionoo with both Anschutz and 
Sperry ^ compasses under service conditions, 
tho British Admiralty decided to adopt tho 
latter in tho Navy. All submarines and first, 
class ships were accordingly fitted with Sperry 
compasses between 1911 and tho end of tho 
war. 

Tho Patent Office records show that tho 
gyro compass problem attracted the attention 
of many other inventors, but only three need 
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be speoia-Uy mentioned here. In 1917 Pro- 
fessor Perry and S. G. Bromi produced a 
compass for sea trials which contained some 
novel and useful features. A great advance in 
eliminating undesirable friction was attained 
by causing the gyro frame to oscillate in its 
bearings by an intermittent flow of oil. It 
was claimed that the rolling error was elimi- 
nated hy making the gyro and its casing 
strictly non-pendulous, while producing the 
rec[mred couple by mechanically transferring 
oil from the low side to the high side whenever 
the compass was tilted. This transfer was 
accomplished hy an air-blast relay controlled 
by a pendulum. The damping was efleoted 
by the same relay and was similar in principle 


French, and Italian warships, and has a per- 
formance which is fairly representative of 
gyro compasses in general, the following pages 
refer more particularly to this apparatus. 

§ (14) The Sperry Compa^ss. — The main 
features of the Sperry compass may be under- 
stood from 6. 

The gyro is simply a flywheel 12 in. 
diameter weighing 60 lbs., and spun electri- 
cally by 3-phaso current at a rate of 8000 r.p.m. 
It is enclosed in an airtight aluminium case b, 
which is exhausted to a good vacuum to 
prevent air friction and conseq^uent heating. 
This case is supported in a vertical ring d in 
which it is free to tilt about the horizontal 
axis c. The ring can turn about its vortical 
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to that proposed by Schuler for the Anschutz 
compass. This compeiss was installed in a 
British light cruiser, with the result that au 
order for a further number was placed by the 
Admiralty. Before these could be delivered 
the Armistice was declared and, owing to the 
consequent stoppage of new construction, they 
have not yet been put into service, 

A somewhat similar fate befell a compass 
with two gyros invented by H. L. Tanner in 
New York and made by the Sperry Gyroscope 
Co. It was a radical departure from previous 
models and wsis noteworthy for the merit of 
its electrical equipment. The Armistice spoilt 
the chance of tl^ compass also, so far as the 
British Navy was concerned, as it had only 
been installed in .two warships. Both the 
Perry-Brown and the Tanner compasses have, 
however, met with considerable success in the 
mercantile marine. As the Sperry compass, 
more or less modified as will be described later, 
is almost universal in the British, American, 


axis jJP,, in an outer vertical ring (/, and canios 
the gyro case with it. The bearings / and /j 
are merely guide bearings and do not support 
the weight which is homo by a stranded wire 
attached to tho outer ring. This outer ring, 
called the Phantom Ring, is power-driven by 
a small electric motor w, controllocl by crontacts 
on the inner vertical ring. Tho arrangomonts 
are such that the plane of the phantom ring 
foUowB faithfully the plane of the inner vertical 
ring. The wire e therefore never gets twisted, 
and there is no movemont of tho bearings f 
fl'iid/i, except for a small oscillatory motion 
of the phantom. The contacts have no “ off ” 
position ; the motor is always running in one 
direction or the other, so the piano of tho ring 
^ is constantly hunting about a mean position 
ooplanar with the ring d, with an amplitude 
of about a quarter of a degree. This iillows 
the ring d to turn about its vortictiil axis jQT,, 
almost without friction. One may blow once 
on the side of the gyro case and cause it to 
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make several revolutions if the wheel is not 
spinning. 

The gyro case is as -nearly as possible 
in neutral equilibrium and the necessary 
pendulous moment is given to it by the 
separate mass p called the bail, whioh is hung 
independently on the phantom ring, and 
connected to the bottom of the gyro case at 
the point s. In order to avoid inter- cardinal 
rolling error, it is arranged that this point 
shall always ho in the same position relative 
to the true vertical line through the centre 
of the gyro, even when tho gyro case and its 
supporting rings are being swung east and 
west by the motion of tho ship. The connection 
at s is therefore made by two rollers on one 
stem, tho upper one sliding in a groove in the 
ease and the lower one sliding in a similar 
groove in the bail. The roller stem is hung 
at the bottom of a short pendulum suspended 
from a. This pendulum, having a quick 
period, would itself be set swinging by the 
ship’s motion if it were not stabilised by the 
small auxiliary gyro attached to it and known 
as the “ floating ballistic gyro.” The compass 
card 0 is carried by the phantom ring, and 
below it are arranged an automatic device 
for oorrooting tho speed and damping errors, 
and an olootrical transmitter for transmitting 
tho corrected indications to a number of 
subsidiary dials in various parts of the ship. 

§ (15) Tjieorv or the Sperry Gyro. — The 
theory of tho gyro compass,^ written by H. 
Orabtroo for Messrs. Elliott Bros.’ handbook 
of tho Anaohiitz compass, has been reprinted 
in that author’s f^pinning Tops ai^ Gyroscopic 
Motion. Tie matter is also dealt with by 
Klein and Sommorfeld in Theorie des Kreisels. 
Sir George Grconhill devotes a chapter to the 
Gyro Compass in liia Report on Gyroscopic 
Theory. All these wiitcrs, however, deal with 
tho original single - gyro Anschutz compass, 
which is now obsolete. Ro far as is known, no 
similar mathcmaticuil explanation of tho Sperry 
compass luis yet boon published, although it 
is in use to-day in all tho principal navies of 
tho world. A brief outline of tho mathematics 
of tho Sperry compass is therefore given hero. 

(i.) General Equations . — Ijot tho axis of tho 
gyro make an angle a with the meridian and 
p with tho luirizontal. Then if /i ia small 
tho earth’s diurnal rotation of w radians per 
second has components in latitude X 

w cos \ cos a about tho gyro axle, . (1) 

ta cos X sin a about the gyro tilt axis c, (2) 

07 sin X about tho local vortical. . (3) 

Tho component (1 ) has no visible ofToct on 
tho gyro, but if it maintains its direction in | 
space, the axle has ai)parent motions equal 

^ I'or a general iiceoiint of tho theory of a gyrostat 
BOO artiedo “ Gyroscopo,” Vol. I. • 


to (2) and (3) relatively to the earth which 
increase jS and a respectively. 

As the gyro casing is not in perfectly neutral 
equilibrium, let C be its pendulous moment ; 
to this is added B the pendulous moment of 
the bail. These two parts tilt together, so 
that the torque about the horizontal axis o 
of the gyro case is /3(B4 C). From the funda- 
mental gyroscopic law ® this produces a 
precession in the horizontal plane at the rate 
/S(B-1- C)/H, where H is the angular momentum 
of the flywheel. The apparent precession 
relative to the meridian, is, however, 


07 sm \= 


da 

Tt' • 


(4) 


Therefore, when the gyro remains at rest in 
azimuth it must have a tilt whose steady 
value is Hw sin X/(B-l- 0). 

In practice it is desirable for the gyro to 
settle with its axis perfectly horizontal as 
shown by spirit levels attached to the case. 
This is arranged by a latitude adjustment 
which sets the gyro and bail tilt axes out of 
alignment so that when the gyro axis is level 
and/Q=0, the hail has atilt j0o=Ho7sinX/B. 

The torques about the horizontal axis c 
are now 0/3 due to the case and B(/3 -l- due 
to the bail. 

Equation (4:) may then be written 

0;3 -1-803 -t-jSo) - siiix= -H§. 


or emoe the terms Bj8o and Hw sin \ cancel, 

. (4a) 


■h|=P(B+C). . 


Then . . (5) 

If the gyro has a deviation angle a. 


<if3_ 
(I t " 


07 cos X sin a from (2), 


(<5) 


Substituting in (5), treating a henceforward as 
a small angle, and writing a for sin a, 

H^ + (B +0)0,0 cos X---0. (7) 


Equation (7) shows that the compass swings 
in azimuth with an oscillatory motion of period 

^'°®’r\/(B+C)o,cosV ■ • 

(ii.) Dfimping oj live Oscillations . — No 
account lias yet been taken of the damping 
arrangement, without which the compass 
(being only very slightly damped by bearing 
friction) would oscillate perpetually about 
tho meridian, To prevent this, the point 
s is sot slightly to tho cast of tho vortical 
lino through a. Let r~tho angle a small 
» SCO article “ Glyroscopo,” § (0), Vol. I. 

s 
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angle of about 1®. Then the couple due to 
the bail may be resolved into components 
approximately 

jSq) about the horizontal tilt axis c, 

rB(/34- Pq) about the vertical axis 

The latter affects the rate of change of jS, 
so that 'while eq[uation (5) remains unaltered, 
(6) becomes 

« cos X . a— 
and instead of (7) we have 

„d^a , Bdct, . /-n . r>i\ N 

= (B +C)rw sin X. (9) 

Thus in the steady state, when d^ajdt^ and 
dajdt are each zero, the compass has a 
de'riation 

a0=rtan X. 

This deviation is due to the method of 
damping, and is therefore known as the 
‘‘Damping Error” or sometimes as the 
“Latitude Error,” because it varies as the 
tangent of the latitude angle. It is corrected 
in the readings shown by the compass, by 
shifting the lubber’s mark out of the fore-and- 
aft line by an appropriate amount. 

Since in equation (9) is numerically 
less than 4Hw cos X (B + 0), the solution, is 

a-ao=Ae ( -g-weosX - t, 


the equation, of a damped harmonic oscillation 
with period 

T 4rH 

“ {4(B+C)Huoos\-ri>B®}i 
The ratio of successive s'wings is given by 

— Td! 


The value of / is normally about i to 
(iii.) jSpeed JBrror . — ^The above applies tp a 
compass stationary ashore, la a ship moving 
over the earth’s curved surface with a 
northerly velocity v miles per second at the 
equator, the apparent axis of the earth’s 
rotation is shifted by an angle 5 whose 
tangent is y/Ew, where R is the earth’s radius 
in miles. If the ship’s speed is V on a course 
K degrees from north and the ship is at 
latitude X, we may write (since 5 is a small 
angle) 


y cos K 
Ew cos X* 


( 10 ) 


If V is given in knots and 5 is required 


OTT cos X cos X 


This “ Speed Error ” deflects the compass 
to the west on northerly courses and to the 
east on southerly courses. Its amount is 
about 1° for each 10 knots in British lati- 
tudes. It wiU he noticed that this error is 
entirely independent of the design of the 
compass. Speed or course error is inherent 
in any north-seeking gyro compass, although 
mechanical means may bo arranged to 
correct it. Such an arrangement has been 
embodied in the Sperry compass, which has 
a latitude dial and a dial to be set by hand 
to the ship’s speed. An ingenious mechanism 
then automatically corrects the readings by 
shifting the lubber’s mark by the amount 
required for the course the ship is steering. 

While the ship is actually changing its northerly 
velocity, the acceleration produces a shift of the 
apparent vertical, as shown, for instance, by a plumb- 
line, through a small anglo whoso circular measure 
is idv/dt)lff, where g is the acceleration of gravity 
in miles per sec.®. As the case and bail do not alter 
their tilt relative to the horizon, this is equivalent 
to a change in the value of tho tilt rolativo to the 
vertical. Tho pendulous moments of tho bail and 
case then cause tho compass to deviate in azimuth 
at the rate 

doL 1 dv (B-fC) 
di' H ’ 


which must ho multiplied by tho cosine of tho course 
if the aooeleration is not along the meridian. By inte- 
grating over the period during which tho aocoleration 
persists (which is supposed short) 


„ y(B+c) 


cos K. 


. ( 11 ) 


This is the ^^halUstic deflection*^ and for a nortliorly 
acceleration it is to the westward, and thorofore of 
the same sign as northerly speed error. By making 
the amount of this deflection equal to tho change 
of speed error tho aooeleration will move tho oomi)aHs 
dead-beat to its new resting position without any 
osoillatiou. Thus 'with the oo-operation of the oorreo- 
tion mechanism, referred to above tho compass will 
indicate true north before, during, and at tho end of 
the acceleration. To secure this desirable roHult, 
$ in ( 10) must have the same value as a in (11), then 


B+C = 


0^ 

Boj cos 


• (12) 


By substituting this value of B-f-C* in 0 (iuiitioii (8) 
the periodic time of tho undamped compass must bo 
T =27r ^|B^, or about 85 minutes. 

The damping — ^for f= J — ^increases this period to 
about 90 minutes, and practically all gyro oompaHHos 
are now constructed to oscillate in this time. 

It will he noticed that tho value of B+C in (12) 
is dependent on tho latitude. Previous to 1918 
compasses were designed to be correct in latituclos 
of about 40° to 60°, leaving a residual error ontHido 
those limits which grow to be rather Hcrioua in high 
latitudes. A modification of tho Sperry compass 
patented hy Commander G. B. Harrison and A. L. 
Rawlings of the Admiralty Compass Department, and 
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which will bo doscribod bolow, contains a moa,ns of 
altering the valuo of B to make the Tballiatio doflootion 
approximately correot in any latitude. 

(iw.) FurtJier JSJJects of Change of Coarse . — 
Owing to tlio oxcontrio connection between the 
bail and gyro cjise (« in Fig. 6) the couple produced 
by the acceleration is not confined to the vertical 
plane. The component in the horizontal plane 
doflocta the gyro axle slightly from the level position, 
and this causes the compass to wander slightly back 
from the correct azimuth after it has boon placed there 
by the ballistic doflootion. This disturbance has been 
named '‘‘ballistic titty'* and the resulting temporary 
deviation, which attains its maximum value about 
a quarter of an hour after the aoooloration which 
produced it, is about 2° for 40 knots change of 
northerly speed. It may 
bo reduood by making the 
oxoontricity less, i.e. by 
reducing tJio angle r. This 
of oourso reduces the 
damping also. fclporry 
oompasHos, in which each 
swing was ono-third the 
amplitude of the preceding 
one, have boon altered to 
make this ratio ono-half 
with marked success. The 
ballistic tilt olTocjt was 
halved and no noticoablo 
disadvantage was found 
with the lighter damping. 

In compasses damped 
by other moans, such as 
those of Anschutz and 
lirown, a precisely similar 
doviatiori bos been found 
due to disturbance of the 
damping oil. Brown has 
introduced an automatic 
cut-out to got ovw this 
dilliculty. 

In the oaso of the 
Rporry, the deviation is 
slightly greater if a turn from north to south or 
south to north in mndo through west, and rather 
IcHH if made through oast. This is duo to the 
cxc<^ntrio conncotioii being swung over as tho turn is 
nuulo ill spito of the ballistic gyro. A similar 
hut/ o.xchanging oast for west, has boon obscirvod 
with the Harrison-llawlings modification. 

(v.) Mecmt Improvements . — Tho sonsitivo- 
nosB of tho ballistio gyro to oast - west 
accelerations is occasionally tho cause of 
scri<^uH deviations. If the ship rolls badly on 
a moridional eourso, the ballistic gyro may 
swing quite clear of tho grooves in tho 
hail and ease and put tho compass out of 
action. This was ovorcomo to some extent 
by adding a weight to the ballistic gyro framo 
above its point of suspension so as to inoroaso 
its natural period and make it rnorc^ stable, 
hut the Admiralty and the Sperry Co. have 
now adopted tho Harrison -Rawlingtf modifica- 
tion, which does away with the ballistio 
arrangement entirely. 


In this device the Sperry bail is replaced by 
a large U-tube containing mercury and opening 
at the ends into cast-iron boxes (see Fig, 6). 
When this is tilted by the gyro, an excess of 
mercury accumulates in the lower box and 
apjlies a couple which is opposite in sign to 
that of tho pendulous hail. By reversing the 
spin of the gyro, however, the precession is 
made in tho right direction, and the compass 
functions as usual. The inertia of the long 
column of liquid in the U-tube keeps it com- 
paratively steady while the ship rolls and 
so eliminates rolling error. Tho above equations 
for the Sperry compass can be applied to the 
Harrison-Eawlings modification by maldng E 
and B both negative 
and neglecting C, the 
pondulousnoss of the 
case, which is zero in 
this arrangement. The 
quantity denoted by B, 
which is tho “ pen- 
dulous moment " of 
this form of bail, de- 
pends on tho area of 
the free surface of the 
mercury to the boxes. 
A simple device is fitted 
which makes this area 
adjustable by turning 
the knob seen, at the 
right-hand side of the 
box, and the compass 
can thus be set to give 
a correct ballistio do- 
fleotion in any navi- 
gable latitude. With 
this arrangement the 
compass has boon found 
proof against any 
weather, provided that 
tho rolling is not so sevoro as to swing tho 
gyro against tho gimbal rings. 

(vl) Acruracy , — In conclusion, some idea 
may bo given of tho accuracy to bo expected of 
a gyro conix)asB under average conditions, and 
tho probable causes of any deviations which 
may be mot with. Either tho original Sperry 
compass, or its modification just doscribod, are 
liable to change of settling- point with a minute 
change in tho balance of the gyro case. An in- 
crease of temperature causes the case to expand 
unequally, making it generally North heavy ; 
change of atinosphorio pressure with varying 
])ari)motrio height has a similar ofToct, os also 
has any variation of tho vacuum maintained 
in tho case. Wear of the bearings on which 
tho wheel s])ins or on which the case tilts is 
a further cause of change of balance. The 
eflcct of any of these is small, and it would 
be very unusual for their combined action to 
change tho settling-point more than 2° if the 
balance was not otherwise disturbed. As the 
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master-oompass is kept below at a fairly 
constant temperature, no rapid changes of 
balance are fikely to ooenr. Hence, if no 
correction by true bearings were awaila.ble for 
periods of a week at a time, the compass might 
be relied on to keep within. 1° of its settling 
position during the interval. Large deviations 
may be caused hy wrong adjustment of the 
suspension wire by which the vertical ring is 
supported. This should be installed quite 
free from, twist and checked from time to time 
to see that it remains so. The deviation due 
to a twisted suspension is, however, practically 
constant and does not introduce any uncer- 
tainty. The electrical arrangements of the 
master-compass and the transmission to the 
repeaters, when entrusted to an intelligent 
electrician, have proved very reliable, and the 
gyro compass eq.uipment as an aid to naviga- 
tion has justified its inclusion in the equipment 
of modem warships. 

§ (16) The Log Linb. — In its old form the 
log line consisted of a wooden board of 
approximately triangular section, weighted 
on one side so that it would float upright 
and present the greatest possible resistance 
to being dragged through the water. The 
log line is made fast to the centre of the 
board and runs out from a reel. The 
determination of speed is made by noting 
how many “ knots ” of the line run out in a 
definite interval, usually 14 or 28 seconds. 

Steamships, in which the course remains 
constant for great lengths of time, always 
now use some form of patent log, an instrument 
which measures distance run rather than speed. 
A log of this type is made of approximately 
cylindrical shape with spiral vanes fixed to 
the curved surface. It is towed astern of 
the ship, and as it travels through the water 
the vanes cause it to rotate on its axis. The 
rotation twists the tow-line and the latter 
turns a counting mechanism fixed to the 
taffrail, so that the distance run can be read 
off. In some patterns the log is practically 
upon the surface, in others it sinks to some 
distance below. 

If there is a surface current both types 
show, in general, inaccuracies. A log towing 
at considerable depth may be completely 
below the current, and will thus indicate 
the speed of the ship over the ground ; a log 
towing on the surface would show the speed 
of the ship relatively to the water, provided 
the current extended to a depth well below 
the keel of the ship. In still water both, types 
are equally reliable. 

§ (17) MirHOPS OS’ PosiTioir Pixinq. (i.) 
T'ke /Station Pointer . — One of the commonest 
methods of iixuig position when off a coast 
is hy the measurement by a sextant of the 
two angles between three recognisahle marks 
on shore. 


If A, B, and 0 7) are these points 

and P the position of the ship, the angles 
APB (a) and BPC (]S) are measured. The 
position can then be graphically constructed 
upon the chart by drawing the circle APB 
to contain the 
angle a, and 
the circle CBP 
to contain the 
angle j8. Since 
the two circles 
must have the 
point B in 
common, their 
other point of 
intersection P 
is uniquely determined. The construction 
of these circles being laborious and difficult 
when their curvatures are fiat, the station 
pointer is used to achieve the same end. 
The instrument consists of a graduated circle 
with three arms, of which the chamfered 
edges are radii of the circle. One of the arms 
is j&xed and the other two can be rotated, one 
to the right and the other to the left. The 
scale of graduations has the zero on the edge 
of the fixed arm, and the graduations extend 
from 0° to 180° on either side. The measured 
angles are set on the instrument by means of 
the two movable arms, a vernier being avail- 
able for accurate setting. The instrument is 
placed upon the chart and moved about until 
the edges of the legs pass accurately through 

A, B, and C. The centre of the circle must 
then be the point P, which can be marked 
down upon the chart as the ship’s position- 

Aocuraoy in the determination of a position 
hy this method is very largely a question of 
proper choice of the three shore marks. 

If it should happen that the angle BOA,* as 
in fig. 8, is equal to the observed angle a, 
then a circle can be drawn 
through the four points A, 

B, C, and P and the ship’s 
position becomes completely 
indeterminate ; it naay be 
anywhere on this circle. The 
two circles of Fig. 7 coalesce, 
and any point on the circum- 
ference fulfils the conditions 
as regards the magnitudes 
of the angles APB and BPC. The criterion 
of the suitability of the three marks de- 
pends upon the relative positions of A, B, C, 
and P. In particular, the “ fix ” is a good 
one if the middle object is on the nearer 
side of the line joining the two outside ones. 
The errors of position obtained by this method 
are dependent upon the errors of measurement 
of the two angles, errors of setting the two 
arms, and errors of locating the station pointer 
on. the chart. Probable values for each of 
these errors could he obtained and combined 
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so £is to f^dvo a probable error (jf position of 
each, of tlio two position lines, in this case a 
small part near P of the circumferences of 
the circles PBA and PBC. The most probable 
position, is then, the point P. The probability 
of position, per unit area of the chart, 
diminishes as we move away from P, hut 
diminishes at different rates for different 
directions. This probability of position, per 
tmifc area is constant around the circumference 
of an ellipse whose centre is P and of which 
the tangent linos at P to the two oirclos are 
.Pmaillltyo/PcMor conjugate 

par Unit Area, oonstant meters (seO Fig. 
round an Ellipaa 9), One of these 

oUipsos is such 
prob- 

I ability of the 

position, lying 
within it or out- 

Tangent Unct to Position Cinlas sid© it is One- 

Mq. 9. half. An ellipse 

of three or four 
times the linear dimensions gives something 
closely approximating to oortainty of position. 

It should ho noted that similar results hold, 
in all cases where a position is fixed by means 
of two position lines, each of whioh has a 
definite probable error of lateral displacement. 

When three or more position lines are found 
for the purpose of determining a “fix,” and 
they do not pass through a point, the most 
probable position must he determined by the 
method of least sq_uares, but it is not passible 
to make any simple statement as regards the 
way in which the rate of deoroaso of the 
probability of position per unit area varies 
with variation in direction. 

This method of position fixing is almost 
always used for fixing soundings when making 
a survey. The sextant used in such case is 
of special construction, and is called a 
sounding sextant. (For description see under 
“ Sextants,” § (20),) 

(ii.) TAe Bearing Plate or Pelorns . — Owing 
to the imp( )Rsibility in many cases of obtaining 
an all-round view from the standard compass, 
it is nocessary at times to employ subsidiary 
moans for taMng hearings when the standard 
compass cannot bo used. The bearing i>lato 
used for this purpose consists of a circular 
brass circle, divided into degrees, slung in 
gimbals so as to remain horizontal when the 
ship rolls. A concontrio circle fits inside the 
brass one, and is also graduated. This is used 
like a compass card, and is set so os to show 
the course by standard compass against the 
zero of the brass circle, used as a lubber 
line. The ship’s head must of course bo 
kept steady while an observation is being 
made. A sight vane fits over the brass circle 
and is used in the same way as the azimuth 
circle of the standard compass. When a 


bearing is taken it can be road relatively to 
the ship’s head on the outer circle or relatively 
to the standard compass on the inner one. 

(iii.) Sounding Machines . — When soundings 
are required in water too deep for the ordinary 
hand lead a sounding machine is used. It 
consists of a framework supporting a drum 
round which is wound about 309 fathoms of 
7-strand wire. The drum can revolve freely 
on its axle, can be braked, or can be wound 
up either by band or by electric motor. The 
wire is led from the drum through a block 
at the end of a spar 30 to 40 feet long, pro- 
jecting beyond the ship’s side, and at the 
end of the wire is a short length of hemp 
rope to whioh a 24-lb. lead is fixed and also 
a brass guard tube, the latter being about 
6 feet above the lead. A dial indicator on 
the machine shows how much the wire has 
run ont. When sounding from a ship at rest 
the length of wire run out gives the depth 
immediately, but when the shij) is under way 
the lead does not sink straight down but trails 
away aft. In such case the depth is deter- 
mined by the “ chemical tube ” — a glass tube 
open at one end and sealed at the other. The 
inside of this tube is lined with chloride of 
silver, coloured red. The tub© is placed 
inside the guard tube open end downwards, 
and the sea-wator has access to it throngh 
holes in the guard tube. As the lead sinks 
water enters the tube eomprossing the air, 
and the length of the tube thus filled is 
connected with the pressure, and therefore 
with the depth, by a simple extension of 
Boyle’s law. This length is immediately 
visible when the lead is hauled up, as the part 
of the chloride of silver that has been in 
contact with sea- water is turned whit© and 
can be measured. As a cheek upon the 
accuracy of the sounding, as found by the 
chemical tube, the amount of wire run out, 
which is a function of the depth and the 
speed, can bo used. 

In very deep water groat advances have 
recently been made by sounding by acoustical 
methods. If a small charge be exploded near 
the ship’s side the reflected sound wave from 
the bottom of the soa can bo easily dotootod. 
With suitable means for accurate measurement 
of the time between the explosion and the 
coho it is possible to determine the depth with 
a very close degree of accuracy. 

Another and somewhat similar method is 
to drop overboard an explosive charge whioh 
sinks at a uniform speed whioh is Imown. 
The charge explodes on striking the bottom, 
and the elapsed time before the explosion 
is hoard loads to a determination of the 
depth. 

§ (18 ) MIbthods op Na-utioal Astronomy. 
— ^When out of sight of land the navigator 
has from time to time to obtain Ids position 



262 


NAVIGATION AND NAVIGATIONAL INSTEIIllONTS 


by means of observations of the sun or stars. 
A mesLSureraent is made by a sextant of the 
angular altitude of the heavenly body above 
the sea horizon, while the time is noted by a 
chronometer whose error on G.M.T. is Icnown. 

Astronomical observations are also necessary 
to check from time to time the error of the 
compass. To this end an azimuth mirror 
is fitted to the standard compass for the 
purpose of taking the bearing. The time 
being noted when the bearing is observed, 
and the latitude and longitude of the ship’s 
position being known with sufficient accuracy, 
the true bearing of the sun can be calculated 
and the compass error determined. 

Occasionally special instruments are used 
for the purpose of measuring the depression 
of the visible horizon below the true horizontal. 
Tabulated values of this depression are avail- 
able, but are sometimes inaccurate owing to 
abnormalities of the refraction. 

§ (19) The Sextant, (i.) Deftcripiion . — 
After the mariner’s compass the next most 
important instrument that the navigator uses 
is the sextant. With it he measures the 
angular altitudes of the sun and of the stars 
above the visible horizon. From these observa- 
tions Ms position on the earth’s surface is 
determined With the sextant also ho 
measures horizontal angles between visible 
terrestrial objects from wMoh Ms position 
when near land can be plotted upon the chart. 

iSimple in principle and simple in oonstruo- 
tion as the sextant is, it was not invented 
until nearly the middle of the eighteenth 
century, and earlier navigators had to measure 
altitudes by the cross-staff, a wooden apparatus 
resembling a T-sq^uare with three sliding 
crosses of uneq.ual lengths. The instrument 
was held with the long arm of the T horizontal, 
and the observer looked along this and 
maintained it so as to be in the direction of 
the horizon. One of the crosses was then 
moved until its upper edge was in line with 
the sun’s centre and the altitude read off from 
a scale of tangents. A modified form was the 
back staff, in wMch the observer turned his 
back upon the sun and held his instrument 
so that light from the sun passing through 
one slit fell upon another. If at any time the 
observer could through this second slit see 
the sea horizon Ms sight was correctly made ; 
if not, the slit nearest to the sun needed setting 
up or down. The cross-staff, or fore staff, and 
the back staff were the principal measuring 
instruments in use by all the great navi- 
gators of the Middle Ages. Cabot, Columbus, 
Hawkins, Drake, Raleigh made their great 
voyages by no other aid than theirs. Chrono- 
meters, as we know them, that wiQ keep a 
fairly steady rate for months on end, had not 
been designed. The lunar distances of stars 
were not then tabulated, so that they could 


make no observations for longitude, and their 
“ sights ” consisted merely of the determina- 
tion of the latitude at noon. About 1G04 a 
reflecting form of backsight was invented 
by Hooke, but a oursory examination of its 
design shows that it was not properly a 
sextant, inasmuch as a small tilt of the 
instrument in the vertical piano would throw 
the images of the sun and the horizon out of 
contact. Presumably for this reason it was 
never used, and although reinvented by 
Grandjean in 1732 {JFig. 10), and approved 



by the Academic Iloyalc dos Sciences do 
Paris, it was not until a double-mirroj’ instru- 
ment was designed a few years later that 
the navigator possessed anything correspond- 
ing to tide sextant as wo now know it, an 
instrument that can bo tilted in the vortical 
plane and yet maintains contact between the 
image of the sun imd the imago of the horizon. 
This condition can only bo realised ])rovidod 
both images are formed after an oven number, 
or both after an odd number of rollootions. 
Customarily the sun is roficctod twice and the 
horizon not at all ; but several designs have 
been produced in which each is reflected once, 
or in which ono is reflected onco and the 
other three times. As to who was the first 
designer of the sextant is not known with 
certainty. Popularly it is ase.ribed to Hadley 
in 1731 ; but Newton certainly doHignod ono 
independently about the sanio time, and 
there are claims of one designed by an 
American merchant captain of an even earlier 
date. 

In all these earlier forms of sextant the 
main principle is shown in 11. It 

consists of a framework or limb A to which 
is attached a fixed mirror H, the horizon glass. 
The limb is in the form of a soo tor of a circle, 
and a movable arm R, the index arm, can 
rotate round the centre of this circle. Ifixod 
to the index arm and rotating with it is 
the index glass I. The horizon glass is usually 
silvered over half its area, so that the observer 
looking horizontally into the horizon glass 
can see the twice-reflected imago of the sun 
in the silvered portion and then also soo the 
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horizon directly through tho unsilvcrod 
porti(^n. By using a small telescope T 
attached to the limb these t'wo images become 
supoi’i^osecl, and, the telescope being usually 
of the inYorting tyjje, the field of view is as 



shown in Fiff. 12. When exact contact is 
made the moasuro of the sun’s altitude is 
twice the angle between the two mirrors, 
and can be road off from a scale engraved 
on tho arc of the instrument. By cutting 
this scale in “sextant degrees” — Le. 720° to 
the complete circle— tho altitude measured can 
bo road <liroct. 

Tho use of the instrument requires consider- 
able practice before the observer can become 
proficient. Tlie sun is first of aU “ brought 
down ” to the horizon. To do this the index 
arm is sot somewhere near zero and the 
sextant held in a vertical plane, but with 
the sight lino directed towards the sun instead 
of horizontal. Two images of 

© the sun will then bo seen — 
one in tho silvered and one in 
tho unsilvered portion of the 
horizon glass. Tho sextant is 
now brought slowly down to 
its normal position, moving 
li’ia. 12. tho index arm all tho time 
while this is being done in 
order to keep the reflected sun in the horizon 
glass, until ultimately tho horizon appears 
through tho unsilvorod portion. Bringing 
tho sun down ” is usually carried out with tho 
toloacope removed so as to give the observer 
a greater angular fiold of view. 

When the sun and horizon arc both visible 
in and through tho horizon glass the index 
arm is clamped to tho limb and tho telescope 
shipped, the final adjustment necessary to 
make contact being done by means of tho 
fine - motion screw or “ tangent screw ” T 
attached to tho arm. Tho final adjustment 
in itself requires care. If the sextant is 
“ rocked ” — i.e. given a small angular rotation 
round the axis of the telescope — the sun will 
move relatively to the horizon as shown in 
12, and the adjustment is only correctly 


made provided that in its motion across the 
field of view tho sun swings just to touch the 
horizon and just does not dip into it. To 
keep tho sun in the field of view while this 
rooking motion is being made, the whole 
instrument has to he suitably turned in 
azimuth. By acting as described above, the 
navigator makes a measurement of the 
apparent altitude of the sun’s lower limh 
above the visible horizon with an accuracy 
of observation normally of about SCf. 

The sextant has, in addition to the parts 
described, other fittings that need to be referred 
to. Shades S are placed between the two 
mirrors in order to reduce the brightness of 
the sun. They consist of pieces of dark glass 
with parallel faces and of different densities. 
If not made with their two faces exactly 
parallel they will refract the light passing 
through them, and a consequent error in the 
measurement results. With a shade that is 
prismatic this deviation will he greatest if tho 
edge of the prism— i.e. tho line of intorseotion 
of the two plane faces — is at right angles to the 
limb, and will he zero if the edge is parallel 
to the limh. As the shades need to be 
mounted loosely in their frames on account 
of tho variation in temperature that a sextant 
has to withstand, and as the circular form is 
the most convenient to moke, the shades 
have ordinarily to he made of glass so nearly 
parallel that Kght passing through it is not 
deviated hy more than 5'^, Tho shades are 
usually four in number and of densities such 
that the transmission ratios are 1 in 40, 1 in 
400, 1 in 7000, and 1 in 36,000, but such 
figures are very approximate. 

Three shades and sometimes four are also 
placed behind the horizon glass. The sextant 
has at times to be used with a second image 
of tho sun reflectod in a mercury trough, 
instead oi witli tho sea horizon. There is 
also frequently a good deal of reflected light 
from tho surface of tho sea, and a special light 
shade is included to cut off some of this glare. 
Sometimes also a Nicol prism is placed behind 
tho horizon glass to cut out tho polarised light 
roflooted from the water, 

(ii.) Errors . — Tho sextant in uso is always 
subject to errors of varying amounts. The 
mirrors are not rigidly hold, and change their 
position; and an examination of the value 
of the zero error, which is the most important 
of tho first-order errors, is necessary from day 
to day. The determination is made by the sea 
horizon, or by the measurement of the sun’s 
diameter “on and off tho arc.” Another 
first - order error is that of centring, the 
scale being out from a point which is not tho 
working centre. Sextants are tested in this 
respect at the National Physical Laboratory. 
Tho amount of decentration which is allow- 
able in order to comply with tho hf.P.L. 
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test, tha.t the error must not exceed 40 seconds 
of reading, lies bet^reen about one-thousandth 
of an inch in the direction of the middle 
reading and about three-thousandths in the 
direction at right angles, "with a sextant of 
7-inoh radius. Whether the value of the 
centring error as given in the N.P.L. certificate 
is permanent is a very doubtful point. The 
sextant in use is exposed to hot sunlight on 
one edge of the limb ivMle the rest is in shadow. 
Some sort of deformation of the limb must take 
place, and it is quite possible that an additional 
minute or two of centring error is introduced 
every time the sextant is used in the tropics. 
Makers of sextants have frequently contributed 
to the risk of this trouble by finishing the 
limb a dull black, but of late there has been 
a tendency to make sextants in which the 
metai work is much less absorbent of heat. 

hirst-order errors also arise from the shades 
and mirror being made from non -parallel glass. 
The worst effect on the reading occurs when the 
“ edge ” of the prism is perpendicular to the 
plane of the limb, no error beiag caused when 
this edge is parallel to the limb. If shades 
were mounted so as to be non-rotatable the 
prismatic error would always be of the same 
magnitude and might he included in the zero 
error, although it would involve a separate 
correction for each shade, 

A prismatio horizon mirror gives rise also 
to a constant error, but with a prismatio 
index mirror the resulting correction is 
different for each reading and increases rapidly 
towards the higher angles. As a conse<quence 
it is necessary that mirrors should be made 
with a h^h order of accuracy in paradelism. 
In ad.dition to absolute error there is also 
trouble in the duplication of an image if the 
mirror is of non-parallel glass, one image 
being formed by light reflected from the first 
surface of the mirror, the other by light 
reflected at the back, A simple practical 
test for parallelism of the mirrors is obtained 
by observing through the highest ■ power 
t^esoope the image of a star seen after reflec- 
tion at the two mirrors, the index mirror 
being set to the top end of the arc. If under 
^ese conditions no duplication of the image 
is noticeable the mirrors are quite good enough 
for the purpose. 

The second-order errors of a sextant are 
due to three principal causes, viz. want of 
perpendicularity of the tv^o mirrors to the 
plane of the limb and want of parallelism of 
the line of sight to the same plane. When all 
these three defects occur together the resulting 
error in the reading can be shown to be 

e = 2 cosec E { cos + ^E) cos {d - JB.) 

-h /Sa cos d cos {d - JR) - sin^ 

—2^-7 sm J-R sin (d -■ ^E) 2ya sin dsin JR 
— 2a/3 008 d cos (d - JR)}, 


whore R is tlio value of the reading, d the 
“sextant angle,” viz. the angle bet\v<^c*n 
the normal to tho horizon mirror and tfio 
axis of tho tolGncoi)o, and a, [6^ y arc the 
errors of the index mirror, horizon mirror, and 
line of sight rospoctivoly. If R is zero tho 
value of e is not zero unless This fact 

is clearly obvious, as, without this condition, 
the two mirrors cannot ho moved st) fis to 
be parallel to ouo aiu)thcr, and tho t*wo 
images of tlio same ixfint cannot bo made to 
pass over one aiK^thcr. 

All sextants arc provided with means to 
adjust the second-order errors. The procedure 
is, usually, to sot tho index mirror so that its 
plAne approximately bist^ois the arc. One 
end of lie arc can then bo soon directly and 
the other by rcftcction in tho index mirror. 
The latter is then adjusicnl until tho two viow's 
of the arc are coin ci dent. Whoa oarofully 
done the value of a should not cxccod two or 
three minutes. Having up tho index 
mirror, tho horizon mirror is then adjusted 
so that tho two imagos of a distant ])oint 
can be made to pass over one another. As the 
telescope can ho used for this purpose, ct and fi 
can be madooqual to within ttsn seconds or h(v. 

The adjustment of the oolUniation error is 
much more troublosome. The teloscopo is 
sometimes mounted in an adjustable collar 
with two small sotting so rows, but tho adjust- 
ment is hard to make at son and, indeed, is 
not often att©m})to(l. The weakness of the 
rising piece and the unsubstantial design of 
the framework of tho limb arc so eonsidorublo 
in some sextants that slight |)reBsuro hetweem 
the ocular end of tho telescope and the sido 
of the nose may oauso a tomj)oraiy eolliinatiou 
error when the instruuiont is in uso. In 
addition tho observer may lake his obsorvation 
away from the centre of tho Hold, so that tho 
value of y is of nocoswty higluT than a or /f. 
If we take a and ^ equal and comparatively 
small relatively to 7, the ap])roxiniato value of 
the error is 

= — 7 ^ tan JE-t- 4ya sin JR cob (a - JU) sec J U, 

The value of this is negligible at small angk'is. 
At_90° it becomes -yH 2'li>7a, and at llUr, 
which is about tho mnxiruinn obH(u*viil>lo 
angle, -2>l4:y^-{~i-i{r)ya, 

It will bo seen from the above that if the 
errors of the mirroi's aro carefully elitninalcMl 
the error of the reading in incionsidt^rnhle 
except at tlio high angles, and that for seui 
work, where altitudes do not cxchhkI 
coUimation error of a degroo is not serious. 
On tho other hand, if tho mirrors are out of 
adjustment an ori’or of reading of four or 
five minutes is quite pc)ssi})lo. 

§ (20) l?OKMS OP Sextants. — No very groat 
change has been made in tho dowign of H<^xtant.B 
since the tinae of Hadley. With improvomeuts 
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in the methods of cutting the scale and with 
the use of inoro accurate verniers for reading, 
it has been possible to reduce the radius of the 
limb without any loss in accuracy. Older 
patterns freq^uently had a radius of as much as 
15 inches as against the 7-incbL radius that is 
customary nowadays. Telescopes have been, 
improved and have now better definition and 
larger field of view than formerly, but there is 
a limit to what is possible in the latter respect 
owing to the difficulty in increasing the size 
of the mirrors. Some improvement is possible 
if the mirrors are replaced by reflecting prisms 
in which the refractive effect of the glass can. 
bo utilised to give an enlarged aperture. For 
example, if a prism of angles 45°, 45°, and 90° 
(see Fig. 13) be used, a reflection can he 
obtained when the 
incident light is 
parallel to the re- 
flecting face and at 
the same time the 
breadth of the re- 
flected beam is about 
a quarter of the 
13 , length of the reflect- 

ing face. If a mirror 
had boon used in this way the breadth of the 
refleetod beam would be nil 
A prism used for reflection in place of a 
mirror need not have its angles exactly 45° 
and 90°, but the two base angles should be 
equal. For ordinary sea work the difference 
between the two base angles should not 
exceed half a minute, although an error up 
to ton minutes is permissible provided a suit- 
able correction is applied to the reading. 
The value of the latter is very similar in its 
magnitudes to a centring error, and if the 
centre is made adjustable it is quite possible 
to throw the working centre out so that the 
true centring error thus introduced neutralises 
the prism error and loaves a balance of error 
below twenty seconds for all points of the 
arc. 

The use of a prism in place of a mirror 
on the index arm gives another advantage. 
In order to obtain a wide range of readings 
(up to 130°) the sextant angle needs to he 
kept down to about 15°. This involves 
considerable space being left between the end 
of the telescope and the horizon mirror and 
between the latter and the index mirror in 
order to avoid any cutting off of light. The 
more these distances are increased the more 
difficult it is to obtain a wide external 
field of view. With the use of a prism 
to replace the index glass tho- sextant 
angle can he made larger and the spacing 
of the different parts much reduced with- 
out any loss in the working range of the 
sextant, and with actual gain in aperture 
at the high angles. Modem improvements 


in the production of prisms may possibly 
result in their replacing mirrors entirely in 
sextants. 

Another direction in which tentative efforts 
at improvements in design have been made 
lies in the method of reading the arc. Under 
good conditions of illumination and with 
plenty of time to spare there is no great diffi- 
culty in reading a 7 -inch sextant to ten or 
twenty seconds, bnt at night-time at sea it 
is much more difficult, and efforts have been 
made on the Continent to provide the navigator 
with a sextant which is easier to read and on 
the whole good enough for his needs. The 
usual form that this improvement has taken 
is the provision of a worm gearing round the 
edge of such a pitch as will give 720 teeth to 
the complete circle. The head of the worm 
is divided into sixty parts and a reading can 
be made with great ease. No great difficulty 
is experienced in obtaining accuracy within 
a minute, although there is always danger of 
burring the teeth of the gear by accident. A 
circular rack-and-pinion movement has also 
been tried for the same purpose, but not with 
the same success. 

In addition to the ordinary sea uses of 
measuring the altitudes of heavenly bodies, 
sextants arc sometimes required for the 
accurate determination of latitude and longi- 
tude of places on shore, or for the determina- 
tion of the errors of chronometers at a place 
whose position is accurately known. In such 
cases the measurement of the altitude is made 
between the sun or star and its reflected image 
in a mercury trough. Usually a higher degree 
of accuracy is required with such an observa- 
tion and the sextant is fitted with a telescope 
of higher power and has an arc of larger radius 
out sometimes to 5 seconds. For the purpose 
of this type of observation the sextant is 
usually mounted on a stand, which is a light 
three-logged pedestal with a universal joint 
at the top to which the sextant is clamped. 
After an observation has been made a sextant 
has to be turned up to take the reading, arid 
various stops arc sometimes fitted to the 
stand so as to permit of the sextant being 
immediately turned back again to precisely 
the same position as before. In order to 
reduce errors of observation the navigator 
generally likes to make three observations at 
sea and at least five on shore, the mean of 
the altitude being assumed to correspond 
with the moan of the time. To avoid delay 
in having to read the sextant after each 
observation, various devices have been em- 
ployed. In one such device tho tangent screw 
is fitted with a ratchet and the pitch of the 
screw ohosen so that each tooth of the ratchet 
is equivalent to one or two minutes change 
in altitude. With such an arrangement the 
navigator can obtain a set of observations 




266 


NAVIGATION AND NAViaATIONAL INSTRUMENTS 


and does not need to read tho sextant until 
they are completed. 

Another device is by the use of a reflecting 
prism of small angle 'which is placed beyond 
the horizon glass. Tho edge of this prism is 
perpendicular to tho plane of tho limb, and 

according to 
whether the 
prism is placed 
base up or base 
down the hori- 
zon is hjwerod 
or raised. A 
set of three 
observations 
Fia. 14. made 

(i.) by using 

the prism base up (see Fig. 14), (ii.) by 
removing it entirely (see Fig. 16), and (iii.) 
by using it base down (see Fig. 16). The 
mean of the throe altitudes will be the sextant 
reading irrespective of the angle of the prism. 

Another use to which sextants are freq[uently 
put is the 
measurement of 
horizontal angles 
between two 
fixed marks. In 
a hydrographical 
survey the posi- 
tions of sound- 
ings are usually 
Fia. 16. fixed in this way, 

two horizontal 
angles between three fixed objects being 
measured as nearly as possible simultaneously. 
The position of the sounding is subsc(iuently 
plotted on the chart by moans of a station 
pointer set at tho measured angles. The 
sextant used for this purpose differs only 
slightly from 
the ordinary 
pattern. It 
usually has a 
shorter radius 
as a smaller 
degree of ac- 
curacy is neces- 
sary, the shades 
Fig. 16. are abolished, 

and the tele- 

scope is of the Galilean variety so as to 
give an erect image. Efforts have been 
made to give the observer as wide a field 
of view as possible and also to make the 

sextant easy to read. Various types of 

“double angle” sextants have been tried in 
which the two angles can be measured at the 
same time, so as to avoid the objection of a 
lapse of time while the first angle is being 
road. 

§ (21) Bubble an-d PBNDxrLinM Sextants. — 
Owing to the diffloulty that is freq[uently 


experienced at sea of seeing any horizon, 
attempts have been made many times to 
replace tho sea horizon by .some form of level 
or vertical that is controlled ])y gravity. In 
some of these devices tho motliocl adoj)tod is 
to reflect into the field of view tho image of 
the bubble of a spirit-level which indicates 
the direction of tho vertical (see Fig. 17). The 
observation is made by bringing tho centre of 
the sun to tho centre of tho bu})l )lo. In others 
a horizontal lino moves up and down in tho 
field of view under tho control of a i^cndulum, 
and is exactly opposite a fixed ixantor when 
the telesoope is pointing towards the true 
horizon, so that when tho sextant is hold true 
and steady, observations of tho sxm can bo 
made down to this ariificial horizon in the 
same W'ay as it is usually brought down to 
the visible soa horizon. 

Of the two arrangomonts tho bubble is 
preferable as it is self -dam ping if 11 lo lif|ui(l is 
sufficiently viscous, and there is an additional 



advantage that, with proper oj)ti(!al arrango- 
monts, the images of tho sun and bubble will 
follow one another across tlie field even when 
the instrument is tilted in a vcHical plane'. 
Such an instrument can properly bo called a 
sextant. Tho pendulum instruinonts are, more 
strictly speaking, clinometers. 

All sextants of this typo are very sovoroly 
handioappod by the movement of tho ship 
and oonsoquont horizontal a<K5elcrati()n of tho 
observer and tho sextant together. Tho 
babble or pendulum Hots itself under sucli 
circumstances not in accordaneo with the true 
vortical but with tho false dynaini(*al vertical 
compounded of earth’s gravity and horizontal 
aoooloration. Horizontal ac-cjelcratiouH of 1 ft. 
per sec. per sec. are common. »Suoli accelera- 
tions are only very approxiniati'.ly ])oaodio, 
and the observer finds that if he brings sun 
and bubble together at noon, tho former will 
wander up and down rolatively to tho lattor 
by the amount of a degree or two on either 
side, and generally so slowly that it is im- 
possible to form even an aj) proximate idea of 
the mean position. Any method of clamping 
that is practically available servos only to 
damp out tho rapid vibrations of the observer’s 
hand and loaves the slow oscillations un- 
touched. In ordinary weather in tho Atlantic, 
whore the ship necessarily rolls and pitches, 
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and lias further altemiiting horizon tal ac- 
celerations due to the “ send of each suc- 
ceeding mvo, the probable error (even chance 
error) of a single such observation taken from 
tho bridge may be put at about 20 minutes 
of arc. This must be multiplied by four to 
give the navigator something approximating 
to certainty, with the result that, having taken 
such an observation and laid down his position 
line on the chart, he has then to draw two 
others eighty mileis on either side, and his 
“ sight ” tells him that it is reasonably certain 
that) the ship’s position is somewhere on the 
160 -mile strip so drawn. 

The above statement explains how it is that 
bubble sextants which have an accuracy of 
two or three minutes when used on shore, and 
perhaps ten or fifteen minutes when used on a 
cross-channel voyage where alternation of 
acceleration is more rapid, fail entirely when 
used in open soa. Nothing can possibly 
succeed there except a gravity controlled 
pondulura whoso period of oscillation is con- 
siderably longer tlfan the periodicity of the 
ship’s acceleration, and the only practical form 
is some sort of gyrostat. 

One such device has already been tried with 
a certain amount of success. Admiral Fleuriais’ 
gyro sextant. The mechanism is complicated 
and need not he described in detail. The 
gyro is spun by an air blast from a pressure 
tank pumped up by hand An optical arrange- 
ment produces in the field of view of the 
telescope a spot of light which is reflected 
from tho case of the gyro. The speed and 
weight of the gyro are insufficiently great to 
give the requisite length of period, and although 
the probable error of a single observation is 
distinctly lower than 20 - minute value of 
the bubble, it is still not low enough 
for the instrument to be of real practical 
utility. 

There appears to be no reason why the 
master gyro compass should not b© modified 
so OB to give an approximately horizontal 
level that can bo reproduced on the bridge 
by the repeater mechanism. A mirror at- 
tached to tho repeater could then, be used in 
a similar manner to the mercury trough used 
on shore. 

§ (^2) The Artifioia.l Horizont. — When 
taking sights on shore with a sextant the 
angular measurement is made between the 
sun or star and its image in a trough of mercury. 
The lattor has usually a surface of about 
3 by 5 in., and is covered by a glass shade to 
protect it from being disturbed by the wind. 
The glass of the shade should be made with 
its faces accurately parallel, but owing to the 
difficulty of doing this it is customary to 
eliminate the error by taking two sets of 
observations, the shade being turned end for 
end between the two sets. 


Disturbance of the mercury surface can he 
prevented by using a very shallow pool of 
it upon a flat copper plate wbieh has been 
amalgamed and levelled. -Surface tension in 
such case permits of the use of a pool less 
than a millimetre deep, and if the copper 
plate is amalgamed only on its upper 
surface there is no risk of the mercury 
running off. 

This arrangement is also very suitable for 
cleaning the mercury, which can be done by 
passing a glass rod lightly over the surface, 
when all the impurities of the mercury are 
collected on the rod. 

§ (23) The Azimuth IMirror. — In order 
that tb.e navigator may be able to take hear- 
ings of distant objects on the horizon or of 
heavenly bodies, the standard compass is 
usually fitted with a special arrangement to 
enable him to do so. The earliest form of 
this consisted merely of a foresight and back- 
sight that could be trained on the object. 
The reading of this direction on the compass 
card could be approximately accomplished at 
the same moment. 

For bearings of the sun a vertical shadow 
pin was fitted over the centre of the card and 
the bearing of the shadow read directly. 

An improvement of these two methods is 
the Kelvin azimuth circle, in which a reflect- 
ing surface, usually in the form of a prism, is 
mounted above the compass. This prism is 
capable of a rotating movement round a 
horizontal axis, which has to be turned in 
azimuth so that it is at right angles to the 
vertical plane through the centre of the 
compass and the object (terrestrial or celestial) 
that is being observed. By turning this prism 
round its axis to a suitable position light 
from the object is reflected to a direction 
making about sixty degrees upwards from the 
horizontal, and the image so seen oan be made 
to appear to the observer to be close to the 
nearest edge of the prism. In Fig, 18 a 
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vertical section of the arrangement is shown, 
the plane of the paper being taken to be the 
vertical plane in which the object lies. The 
horizontal axis of rotation P is perpendicular 
to the plane of the paper. light from the 
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body S is reflected in the face PE, and the 
observer can move his head into such a 
position that the object is seen close to the 
edge E. Relow the prism is a lens L, v^hose 
axis also in the plane of the paper passes 
through the divisions J) of the compass card 
DD^ The focal length of the lens is LD, so 
that the image of the divisions appears to 
the observer to be at infinity. Provided the 
focal length is also equal to the radius of the 
card, the angular breadth of a division as seen 
by him will be 1®. This is of importance, as 
otherwise two objects on the horizon 1® 
apart cannot be placed against two con- 
seoutive divisions of the card at the same time, 
and a sideways movement of the observer’s 
eye will have a parallactic influence on the 
bearing as he reads it. Further, it is clear 
that for observations of objects on the horizon 
it is not essential that the object shall lie 
exactly ua the plane through the centre of 
the compass at right angles to the axis of 
the mirror. For objects not on the horizon, 
however, the ease is diflEerent. Two objects, 
each at altitude a and differing in hearing 
by 1°, are distant 1® cos a apart, and therefore 
cover this area on the image of the compass 
card. When one object appears on a division 
of the card the other will he at a distance 
l°(l-cosa) from the next division. In 
theory, therefore, it is necessary to turn the 
azimuth minor round so that the object 
observed lies in the correct vertical plane. 
If the azimuth mirror is directed wrong 
in azimuth the error in reading will he 
K® (1 - cos a). The limitations of size of the 
mirror and lens make it impossible to see the 
object if K® exceeds 10°, and navigators, as 
a rule, are chary of trusting to hearings of 
heavenly bodies of greater altitudes than 30®, 
but, even so, there is a possibility of error of 
nearly IJ® in the bearing. With an altitude 
of 45° this error is increased to 3°. 

A further source of error at sea lies in the 
fact that when the ship is rolling or pitching 
neither the compass card nor the compsLSS 
bowl, to wliich. the mirror is fixed, is correctly 
horizontal, but is probably perpendicular to 
the false vertical of the moment. Azimuths 
are then being measured with reference not 
to the true vertical or horizontal but to the 
false, and the error made will be zero 
only when the false vertical is in the 
plane containing the object and the true 
vertical. 

A second method of using the Kelvin mirror 
is available for objects on the horizon. This 
method involves the reflection of the card hy 
the mirror, so that the ohserver has to look 
directly at the distant object and read its 
bearing against the divisions of the card as 
seen after transmission through the lens and 

"Section at the prism (Fig. 19). 


A somewhat similar instrument is the 
Admiralty azimuth mirror used on the gyro- 
compass repeater. A vertical sectional view 



of this arrangement is shown in Fig. 20. 
The card is viewed through a lenticular prism 
A, two faces of which are plane while the third 
has a curve worked upon it. This prism 
becomes in eflEect a lens whoso focal length is 
approximately the radius of the card, so that 
divisions of the card are projected to infinity 



and two adjacent marks subtend 1° at the 
eye. Light from the sun or a star is refltjcted 
at the face EE of a prism caj)ablo of rotation 
about an axis perpendicular to the plane of 
the paper. 

As in the Kelvin azimuth ciredo, errors ariso 
in the case of bearings of objects not on the 
horizon, the amount of the error being exactly 
the same as before. 

Various other typos, similar in principle to 
the above, are also in use at sea. In all of 
them, in addition to the errors mention<%d, 
there are defects in construction to bo reckoned 
with which make the total oiror somewhat 
more complex than the exprossion K(1 - cos a) 
that has been considorocl- The full investiga- 
tion of these errors is too long for it to bo 
possible to make a detailed examination of 
them hero. 

The azimuth mirror is in constant use at 
sea for the purpose of obtaining the deviation 
of the compass when out of sight of land. A 
“time azimuth” observation is made, and 
the navigator calculates the true hearing that 
the sun or star had at the moment of his sight. 
To do this with absolute accuracy requires 
exact knowledge of his position on the surface 
of the globe, and this exact knowledge he 
seldom has; hut, in general, his position is 
known to within a few miles, and the true 
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bearing can be calculated with a precision of 
a quarter of a degree. H this type of sight 
could al^va^s be made on Polaris or some star 
very close to the pole, whose bearing changed 
only slightly during twenty -four hours, very 
large errors could be allowed in his knowledge 
of his position without appreciably aiffecting 
the result of his calculation. 

The true bearing being calculated, the 
observed bearing gives him the total compass 
error. 

§ (24) MCeasxjeement of thh Dip of the 
Sea Horizon. — All methods for the measure- 
ment of the depression of tbe visible horizon 
are based on the assumption that the amount 
is the same on all azimuths. Hence, if the 
angular distance is measured between two 
points on the sea horizon difEoring by 180“ 
in azimuth, this angular distance will be in 
defect of 180° by twice the dip. 

In Fig. 21 is shown the general optical 
plan of an instrument used specially for the 
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purpose. Two object glasses of equal focal 
lengths are placed at the right- and left-hand 
ends of the instrument. In the centre are 
two prisms C, cemented together, which 
reflect the light coming from the two object 
glasses upwards. The two object glasses have 
a common focal plane on the upper horizontal 
face of these two prisms, so that the cemented 
interface is seen as a dividing lino of the field 
in sharp focus. A refracting prism P can 
be moved longitudinally between the right- 
hand OGand the central prisms, and its motion 
causes the images of the sea 
horizon to he displaced re- 
latively to one another (see 
Fig. 22). The prism P can 
thus be adjusted so as to 
bring the two sea horizons 
into line, and the distance of 
P in front of the common 
focal plane is thus a measure of the dip. The 
instrument has to he made slightly more 
complicated, as with this arrangement it is not 
possible to measure down to zero depressions. 
A modifioation is made by interposing a fixed 
refracting prism between A and C, and by 
this means bringing the zero position, of P to 
a point between C and B. 

Another method of measurement of the dip 
is by means of a prism, designed by Lieutenant 
Blish of the TT.S. Navy, which can be attached 
to tbe sextant, as shown in Fig. 23. If the 


Left Hartzon 



Tig. 22. 


two reflecting faces, A and B, are exactly at 
right angles to one another the image of the 
hack horizon, as seen by way of the prism. 



Fia. 23. 

over the observer’s head, is displaced 180°“. 
The observer consequently sees two images 
of the sea horizon — one erect and the other 
inverted — which he can bring together by 
adjusting the index arm of the sextant. If 
there is no zero error of the sextant tbe sextant 
reading under such oiroumstanoes is twice tbe 
dip. In actual use this reading has to be 
corrected for zero error and for error of the 
prism from 90®. 

§ (25) Mbthodb of Dirbotional. Wiebless 
Telbgraphv. — Turing the European War the 
development of the detection of the direc- 
tion of travel of wireless waves made very 
great advances.^ Directional wireless stations 
were set up in various parts of the country, 
and hy their means the direction in which a 
wave reached a station could be determined 
with an accuracy of the order of half a degree, 
even when the intensity of the wave was only 
very small. When two stations, say a hundred 
miles apart, picked, up, directionally, the same 
wireless signal, a short comparison between 
tbe two observed bearings enabled tbe position 
of the sending station to be fixed with an 
accuracy of a mile or two, and a vessel at 
sea in doubts as to her position had only to 
send out a wireless signal for the shore stations 
to pick up and to communicate the position 
hack to her. 

In the earlier part of the war this method 
was used by Germany for the purpose of 
navigating her Zeppelins across the North 
Sea during their raids on England and Scot- 
land; but ultimately the method was abandoned, 
as British stations, also picking up the signals, 
had a more accurate knowledge than Germany 
of an airship’s position. British warships in 
the North Sea were in a similar situation in 

* Sec “ "Wireless Telegraphy Apparatus,” § (11), 

Yob n. 
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respect of the German directional stations, 
and it soon became highly dangerous for a 
-British ship to use wireless except in close 
proximity to our own coasts. Within fifty 
miles or so of our own stations, however, 
directional wireless had a very extensive use 
even in wartime, and ships were constantly 
given their position and guided into harbour 
in thick weather. 

Owing to the danger, from a military stand- 
point, of the ship at sea sending out wireless 
signals, attempts were made to install a 
directional receiving apparatus on board, but 
not with complete success. The peissage of 
the wave across the metaUio structure of the 
ship produces a local disturbance in direction, 
so that the “ wireless compass ” has to reckon 
with a table of deviations more complex than 
those of the magnetic compass. In addition 
the effects of the electrical installations on 
board, being at very short range, may com- 
pletely mask the reception of signals. 

With aircraft greater success was obtained 
in the use of the direotional wireless receiver, 
and towards the end of the war the larger 
TY>^.f»'hiTiAfl were eq^uipped with navigational 
apparatus that enabled them to fix their 
positions by “ cross-bearings ” of any stations 
that they were able to recognise. 

Several forms of receiving apparatus were 
tried. In. on© of the earliest the receiver was 
merely a circular or rectangular coil in a 
vertical plane capable of orientation in azimutb. 
The maximum current is set up in such a coil 
when its plane lies in the direction in which 
the wave is travelling. By tTiming tb© coil 
until the noise in the telephone receiver 
connected with the coil has its maximum 
intensity the direction of the signal is deter- 
mined. It is impossible, however, to do this 
with anything hke sufdcient accuracy. No 
difference in intensity can be noticed for 
quite 20° on either side of the maximum 
position. 

When the plane of the coil is at right angles 
to the direction of travel of the wave the 
intensity is zero, but it is not possible to pick 
up this directiou by trying for silence in the 
telephone receiver, as on account of the noise 
of the engines notlmig at all can be heard over 
a considerable angular range. 

Two coils were then tried, with planes both 
vertical and at right angles to one another, 
which formed a primary and a secondary 
circuit. Suitable switches made it possible to 
listen-in on one coil or on both. The primary 
was first directed as nearly as possible so as 
to lie in the plane of travel of the wave by 
hstening for maximum intensity. If, in such 
a position, the current in the primary is A, 
and that in the secondary B, then by a suitable 
arrangement of switches the current Ah- B or 
A - B can be passed through the telephone 


receiver, and the ear has a much nicer dis- 
crimination of the difforoiioe in the two in- 
tensities than in the search for a maximum. 
It was found possible to pick up in this 
manner the direction with a precision of about 
half a degree under the host conditions. 

In determining the actual direction in which 
the wave is received a magnetic com 2 >asa is 
also needed. The bearing of the wave relative 
to the fore-and-aft lino of the machine is road 
on a circular scale attached to tho movablo 
coils. This bearing roquims correction for 
wireless deviation, which is approximately of 
the quadrantal type. Tho compass direction 
of the machine’s head requires tho ordinary 
corrections for magnetic deviation and varia- 
tion. When flying directly towards or away 
from a station the magnotio comi)ass is un- 
necessary, 8 U 3 the machine has only to bo stoorcnl 
so that the main coil is in tho foro-and-aft lino 
when correctly receiving tho bearing. Tliis 
statement requires modillcation if the machine 
is making leeway. In such case, although tho 
machine’s head is always cliroctod towards tiio 
station, her actual track will bo of a spiral 
form, and she will ultimately roach tho station 
coining up wind. 

§ (26) Position Tixino by DxitJCOTiONAL 
WiRELHsa — When making a fix by cross- 
bearings of two visible objects, all that tho 
navigator has to do is to draw through thorn 
on his chart straight linos in tho reiiuisito 
direction, and his position is thoir point of 
intersection. Visible distances do not oxcoed 
twenty miles as a general rule, and for that 
distance tho ©fleet of tho earth’s curvature 
is inappreciable. For wireless cross- bearing 
distances may go up to a thousand miles, and 
for such ranges the curvature ofloct is con- 
siderable. 

Difierent means of taking accsouut of this 
curvature effect have to bo adopted according 
as whether tho directional receiving ai)paratu8 
is in two fixed shore stations or in the 
or aeroplane. In tho former tho simple 
method is to plot the bearings ti gnonionio 
chart upon which groat circles are roprose^ntod 
by straight linos. A special “rose” has to 
be constructed round each station, as in suc^h 
a chart, except at the centre, angles arc not 
the same as those moasurod on the oariirs 
surface. As wireless waves travel, in g(‘nenil, 
on great circles upon tho earth’s Hurfac,<\ tlie 
two straight linos drawn through thcj two 
stations to .correspond with tho twt> ro(^civ(f<l 
bearings mterseotin tho position of the ship. 

In the case of directional reception by the 
ship the problem is more compii(3ato<l. bet 
B (see Fig. 24) be the position of tho sending 
station and C that of the ship. Ortiinarily th(^ 
latter will be using charts constructed on a 
Mercator projection so that tho grcat-cindo 
track of the wireless wave will bo BGO, a 
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curve which is hollow on the side towards the 
equator. 

The straight line BRO is the rhamb-line 
track from B to C. 

It will bo seen from the figure that the 
direction at which the wireless wave starts, 
viz. TJBN with the meridian, differs from the 
direction at which it arrives 
at 0 (T'CS with the meridian), 
which is the direction thatO 
receives, this difforcDLoe being 
the sum of the two angles 
Vm and T'CR. 

For ranges not exceeding 
500 miles the Mercator pro- 
jection of a great circle may- 
be considered to be of constant curvature along 
its length, so that the two angles TBR and 
T'CR aro equal and of a value which may be 
shown, to be approximately J diJff. long, x sin 
mid-lat. 

The ship’s navigator usually knows his 
position within thirty or forty miles, so that 
tho difference of longitude between B and C 
is known to less than a degree. Hence it is 
possible to estimate to within a degree the 
value of the conversion angle T'CB that 
will alter the great -circle bearing that he 
receives to the rhumb-line bearing that he 
can plot. In this manner he is able to ffx 
his position upon the Mercator chart. 

' Strictly speaking, having constructed the 
rhumb line, the navigator is not entitled to 
assume that his position is somewhere upon 
it. The locus of all points on the earth’s 
surface for which B has the same true bearing 
is a curve whose shape is more or less that 
shown by BIC. Within the ranges under 
consideration this isoazlmuthal (or iaaz) curve 
has the same curvature as the great circle, 
but moves in the opposite sense, so that BG-C 
and BIC are reflections of one another in the 
rhumb hne. 

The navigator’s position line is consequently 
not a piece of the great circle CG, nor of the 
rhumb line CR, but of the isaz Cl. For all 
practical purposes, and within the limits of 
accuracy with which bearings can be taken, 
the rhumb line is good enough. Tor distances 
over 500 miles and up to lOOO miles the 
curvatures of the great circle and tho isaz 
curves can no longer be looked upon as oons-tanb 
along their length, and a second-order correc- 
tion is necessary dependent upon the square 
of the range. 

In addition to errors in directional wireless 
bearings due to lack of sensitivity of the 
receiving apparatus, to quadrantal deviation 
due to the structure of the ship or aeroplane, 
errors arise from a species of refraction effect 
when the track of the wave runs more or 
less along a coast line. No very precise state- 
ment can be made as to the amount of this 


effect, but as a general rule there appears to 
be a drag on that part of the wave which 
passes over the land as compared with that 
part which passes over the water. It would 
be anticipated, for instance, that a wireless 
bearing of Pnldhu in Cornwall, taken from a 
position near Dover, would come in from a 
direction more south than it ought to be. At 
the same time it is difficult to dogmatise on 
the point, as possibly intervening land, like 
the Isle of Wight, might alter the effect 
completely. 

This refractive effect has often been noted, 
and has usually been foimd to be more marked 
at ground level than up in the air. On 
Salisbury Plain, for example, bearings of 
Stonehaven taken from the ground are 
ordinarily about 2® in error. From an 
aeroplane at 2000 feet the error has almost 
disappeared. 

In addition to errors resulting from the 
configuration of the land, serious atmospheric 
effects have to be reckoned with. Their causes 
are extremely obscure, and a great deal of 
observation and investigation is still necessary 
before the navigator can make any allowance 
for them. At times there appear to be definite 
tracks of the atmosphere, sometimes in the 
form of long lanes extending for considerable 
distances, along which wireless waves travel 
with greater ease than in any other direction. 
At times of sunset and sunrise very serious 
deviations occur, errors of 20® in direction 
being of common occurrence. 

Snch disturbances are far more serious than 
lack of sensitivity of the receiving apparatus, 
and probably it will not be for some years 
that the causes will have been sufficiently 
inves-figated for the method of directional 
wireless bearings to be completely sufficient 
for a ship on a long ocean voyage. Apart 
from this question, and apart from the quad- 
rantal deviation produced by the metaUio 
structure and the unsoTeened electrical gear 
on board, it would seem that the sensitivity 
of the receiving apparatus has already ad- 
vanced to the point that tke probable error 
of a single observation is of the order of half 
a degree, and that a ship fixing her position 
by cross-bearings of three stations each 500 
miles distant can do so with a certainty of 
being upon a circle of some four or five miles 
radius. Y iq 
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Newtoh’s Rings : tlic cdreular inUu*for(uico 
fringes formed botM'oeii two of 

different curvature wh<Mi illuininatiMl. Tlioy 
were described by N'owtoii, Optics^ 1704, 
and explained on thouudultitory theory by 
Tbomas Young, 1802. VV'Iumi formed by 
' monodiromatio light tlioy <uin b('' employed 
to determine tho oiirvaiurtw of the flurfaces. 
See “ Sphorornotry/’ § (7) ; “ [.tight. Interfer- 
ence of,” § (8) ; “ Vi^five'-Urngth, JVI(*«aauroimoht 
of,” §(l). 

NrooL Prism. Roe ‘‘ ,Pf)ljtriH(^<l Light and its 
Applications,” § (10). 

HoDAC Points and Planbr op a Lknh, See 
“Objectives, Touting of (%>n)|)oui,ul,” S(^)> 
also “Lenses, Theory of Simple, ’’ § (7). 
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Obobottvb, Kinematogiiaph, construction of, 
and aberrations reqxiiring reduction. See 
“ Kinematograph,” § (9), 

Microscope. See “ Microscope, Optics of,” 

§(1). 

Telescope. See “ Telescope and Telescope 
Lenses,” § (5), 

OBJECTIVES, THE TESTIMO OF 
COMPDTINT) 

The compound optical systems known as 
“ objectives ” may be divided into three main 
classes, namely, telescope objectives, photo- 
graphic objectives (or camera lenses), and 
microscope objectives. The methods of 
testing their optical constants and general 
optical performance vary considerably in 
these three classes, but such variations are 
to a large extent due to differences in the 
dimensions (aperture, focal length, etc.) of 
the objectives. Although the present article 
is mainly concerned with, the first class, 


namely, teloscopo objootivos, a nunibor of the 
methods of tost to bo doscrihe^d will Ik' found 
applicable to ono or bo tin of tho otluT two 
classes.^ 

The optical jiorfcnnanco (d any given 
compound system may l>o CH>Tnputod by 
means of thoorotical inothodH if nil flic optical 
data of the system ar<^ larown to a high <U'groo 
of accuracy.® 

It is not, however, usually <‘onvtuiUMit to 
separate an objective into its c^oinponents uiul 
m©asure their constants. In tlic c^ano of an 
objective in which ono or tiioro of iho snrfacvH 
are locally figured it would bo prac^thally 
iiapoBsihle todotorininc its general perfcrnuuu'c 
by dissecting it, because it would bo <Uffi(iul(, 
for example, to measure tlio variaiions in 

For more detailed treatmontH of thoH(» (MawHes 
see articlcB on “ Camera l^onsos, The T<*rttlng of/’ iuhI 
“Microscope, Theory of the.'* 

* Jo*’ iDothodfi of mfiasuriiiK tlio coiirtlant H 

of the componentB of a compound syHi(Mn, hucU as 
refractive indlccH, H(‘c arth^U'H on 
S-pberometry'' '•* Spectroflcoiios and U<jfra(do- 
meters, and Immersion Itcfractomotry'," 
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curvature of its surfaces, and oven if these 
could be obtained, the theoretical computation 
would be very complicated. As a general rule, 
therefore, it is necessary to employ methods 
whoroby an objective may be tested as a unit. 

The chief optical data to be determined in 
the case of telescope objectives are (1) focal 
length, (2) aberrations, and (3) general 
definition. 

§ ( 1 ) Focal Lenoth Mb asuremnt THEonr. 
— A groat number of different methods of 
measuring the focal lengths of compound 
lenses have been devised ; some of these can 
only be used in particular cases, while others 
are of more general application. AH the 
methods are based on the properties of the 
focal planes, unit planes, nodal points, and 
conjugate points of an optical system. The 
fundamental dejSnitions and relations,^ proofs 
of which may be found in any text-boot on 
Geometrical Optics, may be summarised as 
follows. A brief account of them is given in 
the article on “ Lenses, Theory of Simple.” 

(а) A lens is a portion of a refracting 
modiiim hounded usually by parts of two 
spherical surfaces. The axis of the lens is the 
line joining the centre of these surfaces, 

(б) Principal Foci. — There are two points 
on the axis of a lens known as principal foci, 
the one in the image and tho other in the 
object space, which possess the properties 
that 

(i.) Rays of light incident on the lens 
parallel to its axis pass after refraction j 
through a principal focus ; 

(ii.) Rays of light diverging from a principal | 
focus in tho case of a convex lens, or converg- 
ing to it in. tho case of a concave Ions, are 
rt'frac.tocl so as to become parallel to the axis. 

(r) Conjugate Points and Planes. — Conjugate 
|;)oints are two points on the axis such that 
the imago of a small object at tho one is 
formed at tho other. 

Conjugate planes are pianos at right angles 
to the axis through tho conjugate points. 

(d) Unit Points and Planes. — Tho unit 
points arc two conjugate points for which the 
magnification produced by tho Ions is unity. 

Tho unit planes arc pianos at right angles 
to tho axis through tho unit points. 

Thus the imago of any point in one unit 
piano lies in tho second unit piano, and tho 
lino joining tho point and its image is parallel 
to tho axis. 

Unit pianos arc thus pianos of unit mag- 
nification, 

(e) Nodal Points and Planes. — ^Tho nodal 
points aro two points on tho axis such that a 
ray through tho one nodal point, after refrac- 
tion through tho Ions, passes through tho 
second nodal point, and is parallel in direction 
to tho incident ray. 

1 See also " Optical Calculations," 


The nodal planes are planes at right angles 
to the axis through the nodal points. 

(/) Principal Points . — If the media on the 
two sides of the lens, in the object and image 
space respectively, be the same, the Unit and 
Nodal Points coincide, and are known as the 
Principal Points. (They were introduced by 
Gauss, who was the first to place on a firm 
foundation the consideration of lenses and 
consequently of lens systems.) 

The Unit and Nodal Planes similarly become 
Principal Planes. 

ig) The first and second focal lengths, 
usually denoted by f and f, are the distances 
between the focal planes and the unit planes 
in the object and image spaces respectively. 
If the first and final media are the same, /=/. 
The cases in which the first and final media are 
air, are most commonly mot with, a notable 
exception being that of microscope immersion 
objectives. 

(fe) If the sizes of an object (normal to the 
optical axis) and its image are y, y\ and the 
angles which the oh j ect and image subtend at the 
corresponding foci are 6, 6' respectively, then 

(t) If the distances of an object and its 
imago from the corresponding foci are x, a' 
respectively, and the magnification y'jy be 
denoted by m, then_ 

= i / and -m/', . . (2) 

where the sign notation is tho same as is used 
in tho usual system of co-ordinates.® From (2) 
it follows that 

aaj' = -if'* 

or, in systems where tho first and final media 
are the same, 

xx' = -/*. . . • (3) 

In applying these relations to the practical 
determination of focal length it is of the 
utmost importance to ho able to find tho 
positions® of image planes as accurately as 
possible. For very rough measurements it is 
often sufficient to form the image on a piece 
of ground glass and to ostiinato its correct 
position by means of the naked eye. For most 
purposes, however, it is essential to adopt 
more refined methods. It is usual to employ 
a microscope of oonvoniont power for focussing 
on an image ; tho power which one chooses 
depends, of course, on the nature of tho object 
used, the kind of optical system under tost, 
and tho accuracy with which tho position of 
tho image piano requires to be determined. 
In tho case of certain optical systems there 

■ In tho general case tho two focal Icngtlis are 
aBsumwl to ho of tho same sijm. , , , , . 

s Kor (lotailH as to the methods of makluK some of 
^ho8o miuiBuremcnts, SCO “Lenses, Testing of Simple.” 
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is a considerable depth, of focus and it is ghss discs, which are sold by microscope 
sometimes ^ery dijfficult to focus accurately makers are found to be extremely useful. In 
on the image. In order to elimmate errors order to determine the magnidcation of the 
due to the range of accommodation of the eye observing microscope it is essential to use one 
it is advisable, when using a microscope, to of those scales in the focal piano of the eye- 
employ a Eamsden eye -piece and to place piece. For methods which depend on focussing, 
cross-wires or a graduated scale at its focal the most convenient objects are plates of 
plane. In the case of a low -power eye-piece, silvered or platinised glass having fine scratches 
or in maldng naked - eye observations, the or rulings on the metallic deposit.^ 
position of focus may be determined by moving § (2) Fooai, Linoth Measurement Expeei- 
a system of cross-wires until no relative dis- ments. — The chief methods of focal length 
placement between the image and the cross- determination may now be considered in de- 
wires can be detected on moving one’s eye tail. In aU oases it will be assumed that the 
from side to side across the field. The position first and final media are air, so that the first 
of focus may also be found by covering the and second focal lengths are equal, 
aperture of the system under test in such a (i.) Methods depending on the Use of Parallel 
way that light can only pass through two lAght. — (a) The position of the second focal 
portions ^ at opposite ends of a diameter, plane of an optical system may he found by 
Then two images will be observed unless the using an object which is so far away that the 
microscope is correctly focussed on the image rays which come from it may be considered 
plane. In tMs case it is assumed that the parallel. The sun or a star may bo taken as 
system is free from spherical aberration. A infinitely distant, but it is not always con- 
somewhat sinoilar method, due to BEartmann,* venient to use such an object. For most 
is to allow two narrow exoentrio pencils of purposes it is sufficiently accurate to make 
light to pass through the system and to use of a terrestrial object, such as a distant 
measure the distances d^y d^ between the church steeple ; if the system imder test has 
centres of the diffusion circles in two planes a long focal length it may be necessary to 
at some distance on either side of the image make a correction for the finite distance of 
plane. If the distances Dj, Dg of these planes the object.® 

from some arbitrary point are also measured, It is more usual, however, to make use of a 
the distance D of the image plane from that collimator in order to obtain parallel light, a 
point is given by the relation suitable object being placed accurately at the 

_ n Th focus of the collimator. The image piano of 

Qj ^ "’^ 1 — ^1 the system is then determined by fociissing 

Dg - 1) T >2 “ 1^1 ^ 1 + <^ 2 * the observing microscope on the image of this 

that is object. This process may ho reversed by 

moving an object, placed in the neighbourhood 
D (^2 • • (4) of the focal plane of tho system, until its imago 

^ * coincides with the focal plane of an observing 

Another accurate method of determining the telescope which has been previously foonssed 
position of the image plane of a system was for infinity. Another alternative is to make 

devised by Foucault; ® in this case an use of an auto -collimating method ; a simple 

observing microscope is not used. A small way in which this may bo applied is illus- 
illumiaated pin-hole is employed as the object trated diagrammatically in Pig. 1. One half 
and the eye is placed in approximately the of a scale S (preferably ruled on silvered or 
position of the image. When 
a suitable screen, for example 
a diaphragm with a sharp 
knife-edge, is moved in front 
of the eye in a direction 
normal to the optical axis, 
the aperture of the system 
will darken suddenly and uniformly only if platinised glass) is illuminated from the side 
the screen is in the plane of the image. by a lamp L with tlm aid of a small right- 

In making focal length measurements it is angle prism P. If tho scale is in the focal 

necessary to choose convenient objects; m plane of the objoctivo 0, the imago of the 

the ease where ^^^catioa aietlods are . ca. the Abhe tert plate, tor a dceoriptlon ot which 

used the nnely divided scales, engraved on see Aficroscow, ty J. vSpitta. 

® If / is the focal length and v is tho (lintanro 
' The sizes of these portions should be chosen between the second nodal point and the imafio piano, 
sufficiently large to prevent the definition being tne object being at a distaiu'.o u from the systoni, tlion 
spoiled by diffraction effects. ^ 

* J. Hartmann, ImtmwenfenJfc., 1900, XX. 61 . v—f=^ 

• L. Foucault, Ann. V Observatoire de Paris, 1859, v. 

197 ; Becaeil dee tramwa scientif. Paris, 1878, p. 232. provided that tho <lifforence / is small. 
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iHuminated portion, formed by light which, 
is reflected back from an optically plane 
surface A placed normal to tho axis, will 
coincide with tho image of the other portion 
of tho scale as seen in the obser’ving micro- 
scope M. 

Those methods only serve to determine the 
position of the second focal plane and the 
back focal length, (tho distance between the 
last surface and tho focal plane) of tho system. 
In order to obtain tho focal length one may 
employ two methods. Tho first is a direct 
one ; the objective is mounted in such a way 
that it can be rotated about a fixed axis 
normal to the optical axis. Tho whole system 
is then moved along the optical axis until 
there is no lateral displacement of tho image 
of a distant object when the objective is 
rotated about the normal axis. V\^en this 
is the case, tho normal axis passes through a 
point, called tlxo nul point, wlnioh divides the 
distance between the nodal points into parts 
whoso ratio is eq[ual to tho lateral magnifica- 
tion. If tho incident light is parallel, the nul 
point coincides with tho second nodal point ; 
the focal length is then given by tho distance 
between the normal axis and the focal plane. 
Tho principle of this method is made use of in 
tho testing of camera lenses on the Beck 
bench. ^ 

The second method is an indirect one and 
depends on tho fact that tho ratio of the back 
focal length to the focal length is equal to the 
ratio of tho size of a mark placed on the last 
surface to tho size of its imago. This relation 
follows from equation (2) above, for if jfjf» is 
the hack focal length, the oqtiation 


a;' = - w/ reduces to ' 


- — 9 

f y 

where y' is the size of tho mark and y tho size 
of its image. It is sufficient, thorefc^ro, to 
measure the dimensions of the mark as seen 
direct and through tho system. Tho focal 
length can then bo found if tho back focal 
length is known. 

A simple motliod of measuring tho focal 
length of a photographic Ions wluch can bo 
divided into two parts, each capable of pro- 
ducing a real imago of a 
distant object, is as follows.^ 

Lot /, /' be the focal lengths 

of the two components and P 
T that of tho complete lens. 

An imago of a distant object 

is focussed on tho ground- 

glass screen of tho camera for four different 

oases: (1) tho complete lens placed normally 

in tho camera, (2) tho front component 

removed, (3) tho complete Ions reversed in 

camera, and (4) tho component now at tho 


^ Heo article on Camera Lcuflcs, Tlie Tostinp; of.’' 
* T. Smith, Phys. Sco. Proc., 1016, xxvii. 171. 


front removed. If d is tho distance between 
the positions of the screen for (1) and (2) and 
d' the distance between the positions for (3) and 
(4), then 

- / _ 

Henco P = also i, = 


These relations follow from the fact that the 
positions in which the images are formed by 
the separate components are conjugate foci 
for the complete lens, namely, that pair of 
conjugate foci for which the beam of light 
between the two components is parallel. 

(6) A method of finding tho focal length of 
a system follows at once from equation (1) 
above, for according to this equation tho 
focal length is equal to the size of the image 
(in the second focal plane) of an object at 
infinity divided by tho tangent of tho angle 
subtended by tho object at the first focal 
point. Tho focal length may thus ho obtained 
by measuring the size of the imago and tho 
apparent angular size of tho object. Tho 
reverse process may also bo employed; in 
this case tho apparent angular size of fixe image 
of an object of known length, placed in the 
focal piano, is measured. This method is 
applicable to telescope, camera, and micro- 
scope objectives. In the case of short foous 
objectives an object of known length y at a 
finite distance D may be used; the focal 
length / is then given by 


whore ?/' is tho length of the imago. This 
method can conveniently bo carried out on an 
ordinary microscope supplied with a graduated 
scale in tho fc)cal plane of tho eye-piece. ^ 

(ii.) Methods depending cn fM Properties of 
GonjiigaU Points . — ^Whon tbo positions of the 
first and second foci of an objective aro not 
known, tho focal length may bo determined 
by finding tho positions of a number of pairs 
of axial conjugate points. 

(a) If tho distances of conjugate points P, 
P' {M{J. 2) from some fixed point Q, such as a 



F' P' 


Pig. 2. 

mark on tho mount of the objective 0, aro 
denoted by f and the distances of Q from 
tho foci aro denoted by rj, '({ respectively, it 
follows from equation (3) above that 

How this equation contains three unknowns. 
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71 , rj' and /. Tims the local length, and the 
positions of the foci, may be foxind by 
measuring the distances J ^a» 

of three pairs of conjugate points from a fixed 
point. 

(6) If N, N' are the nodal points of the 
objective, 

7l' — 7/ = 2/ -f d, 

where d=NN'. Thus in cases where d is 
known or may be neglected it is sufficient to 
determine the distances fx. r : y of two 

pairs of conjugate points. Tte method is 
most easily carried out by keeping the positions 
of the object and image planes fixed and 
moving 0 along the axis into the two positions 
for which the image falls in the latter plane. 
The distances of object and image from Q are 
then measured for the two positions, Q being 
kept fixed relatively to 0. 

(c) The distance D between conjugate points 
is given by 

D= -x-hx'+2f-\-d. 

Now it follows from the eq[uation xx'=z 
that —a; 4- a;' is stationaiy when -a;=a:'= +/. 
The negative sign gives the two nodal points, 
while the positive sign gives two points on the 
opposite sides of the foci from the nodal points 
and at distances from the foci equal to /. In 
tbis oase 

D=4/-i-d 

Thus if d! is known or may be neglected, the 
focal length may be found by moving the 
objective until the distance between object 
and image is a minimuna. 

It may bo noted that in method (ii.; (a) the 
focal length may be found by measuring ^ 
for one pair of conjugate points if the positions 
of the foci F, P' are known, that is, if 77, Y 
are known. A knowledge of / then enables 
one to determine the distance d between the 
nodal points by means of methods (ii) (6) 
or (c). 

The methods in group (ii.) can be carried 
out most conveniently on an optical bench. ■ 
They are specially applicable to objectives 
of medium focal length. The chief objection 
to employing them in the case of long focus 
objectives is the great length of space required, 
the minimum distance between conjugate 
points being, as we have seen, approximately 
four times the focal length. 

(iii.) Magnification Methods . — ^There are a 
number of methods of determining focal 
length which depend on the measurement of 
the lateral magnification. The most important 
of these are as follows. 

(a) The magnification is measured for two 
positions of the object, the system under test 
being kept fixed. Then, if are the dis- 
tances of the object from the first principal 
focal plane and m^, are the magnifications 


for the two positions, it follows from equation 
(2) above that 



Thus 


l/mi-l/wg* 


It is only necessary, therefore, to measure the 
distance - X 2 through which the object has 
been moved, in addition to the magnifications. 
The focal length may also be found by keeping 
the system fixed, moving the image plane a 
distance and measuring the corre- 

sponding magnifications. In this case 

Xj^' ^ - mj, X2 = - Wj/. 



A simple direct reading method based on this 
relation can be employed in finding the focal length 
of a camera lens. The image of a very distant object 
is focussed on the ground-glass screen, of the camera 
and the screen is then racked hack through a distance 
d until the image of a scale, mounted near the lens 
in a plane at right angles to the optical axis, is 
focussed on it. ,The length of the portion of the 
scale, whose image lies between two marks separated 
by a distance d on the screen, is then the focal length 
of the lens. 

(6) The distance of the object from a 
fixed point Q {Wig. 2) on the objective is 
measured and the objective is then roversod 
and moved along the optical axis until the 
same magniC cation is obtained, tbo object 
and inriagc planes being thus interchanged. 
The distance of the original object from Q is 
now measured. Sineo i.ho positions of F and 
F' are interchanged owing to the reversal of 
the system, it follows that 


Therefore 

^1+^2= D + 2 H- a?' ~ — D-h 


or 


^ m-ljm 


If, in. the second position of the Rystom, 
the distance bho original imago piano 

from Q is measured, then 


(c) The magnifications and are 
measured for two values and Dj of the 
distance between the object and imago planes. 
If, for example, the distancio is incroasod by 
an amount d, we have 

Da-Di=d!=( -oJa-Hafj,') -( -x^^x^'), 
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since D= -a; + a!'+FI''aii(l PP' remains con- 
stant. Thus 

- ' cZmiWo 

QJ» f — .1 . 2 

•' (?% - 7Ma)( wiima - 1 )■ 

(d) Tlie Bystem is kept fixed and the 
positionH of the imago are detormiaed for 
wiiidi the magnifications are - 1, -2,-3, 
otc. The corresponding distances of the 
images from the second focal plane are then 
given by 

=U = 2/, = 3/, etc 

Thus the imago lias to bo moved through a 
distance equal to the focal length in passing 
from ono magnification to the next. Similarly 
tlio distances of tho object from the first focal 
piano, corresponding to the magnifications 
- 1, - i, “ -J, etc., in tho imago plane, aro 
given by -3f, etc. 

In this case, thoroforo, the object is moved 
through a distance equal to tho focal length 
itx passing from ono magnification to the next. 

It is most convenient to make use of an 
optical bench in connection with the methods 
of group (iii,). The methods, like those of 
group (ii.), aro especially applicable to tho 
case of objectives of medium focal length. 

(iv.) Methods applicable to the MeasatremcTii 
of Short Focal Lengths , — Thoro aro two simple 
microscope methods which can be used in the 
case of microscope objectives and eyo -pieces; 
they really come undor the previous groups, 
but may for convenience be dealt with 
■ soparatoly. 

(a) A short focus collimator, having a suit- 
able scale in its focal piano, is fitted under the 
stage of a microsoopo, and the objective or 
cyo-piooe under tost is placed on tho stage 
with its axis collinear with tho collimator 
and microsoopo axes. Tho microscope, fitted 
with a micromotor oyo-pioco, is then focussed 
on the imago of tho collimator scale. If 
fif h> ti tho focal lengths of tho collimator 
objective, tho systoni undor test, and the 
microsoopo objective respectively, tho magnifi- 
cation observed in tho lower focal plane of 
tho micrometer eye -piece is given by 


where A is the distance between tho upper 
focal piano of tho microscope objective and 
tho micromotor scale. The method may be 
made a direct reading one by choosing the 
values of /i, /a, and A, so that A=fJ^. 
The magnification observed is then numerically 


equal to the focal length of the system under 
test. 

(b) The objective or eye-pioco to bo tested 
is fitted to the end of a microscope tube and' 
a suitable scale is placed on the microscope 
stage. The magnifications of the scale are 
then measured for two different tube-lengths 
by means of a micrometer scale in the eye- 
piece. The focal length of the system is 
then given by the difiorenoc of the tube-lengths 
divided by the difference of the magnifications. 
This follows at once from the relation 



The A-bbc focometor^ is an instrument 
which is specially designed for carrying out 
such tests. 

§ (3) MEA.SU 1132 MBNT OE AbEREAlTIONS. — In 
designing compound objectives it is not pos- 
sible to obtain systems which are perfectly 
corrected ; there are always certain amounts 
of residual aberrations present. In a well- 
corrected system those are usually very 
small, so that it is necessary to employ very 
sensitive motliods for measuring them. The 
chief quantities which require to bo determined 
aro spliorioal and chromatic aberrations, coma, 
distortion, and curvature of field. In the case 
of toloscopo objectives it is mainly the first 
two wliicli are of primary importance; the 
measurement of the other quantities is dealt 
with in tho article on “ Camera Lenses, The 
T'osting of.” 

Practically all tho methods of measuring 
tho aberrations of an objective depend on tho 
use of an accurately parallel beam of light. 
If a collimator is employed for this purpose 
it is necessary that tho collimator objective 
itsolf should be as free from aberrations as 
I>ossiblc, otherwise tho results will bo vitiated. 
It is usual, therefore, to employ a woll- 
oorroctocl collimator objective of larger aper- 
ture than that of the objective undor test. 
This, however, is not always possible, especi- 
ally when it is necessary to test large aperture 
lenses ; in such cases one ox other of the 
following methods may bo used, 

(a) When ono is dealing with an astronomical 
telescope objective, it may be fitted on a tolesoopo 
mount and the moasuroments made with a star as 
tho object. This gets rid of tho necessity of using 
a collimator, but the method can only bo used whore 
special equipment is available. 

(&) If tho objootivo has not a very long focal 
length, an illuminated pin-hole mounted at a oon- 
sidorablo distanoo may bo used as tho object. In 
this case, liowovor, only approximate values of tho 
aberrations can be obt<med owing to tho fact that 
ono is nob dealing with striotly parallel light, the 
process of introcluoing corrections for tho finite 
distanoo of tho object being rather laborious. 

» H. OKapskl, fSeits, Tngtrumentenk., 1802, xil. 385; 
SCO also C. V. Hofe, Zeits, Tecfm, Ph]/s.t 1920, i. 191, 
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(o) Where an. objective of similar constmotion 
to bhat of th.e one under teat is available, it may be 
used as a collimator objective. Then, if the aberra- 
tions of each objective are of the same sign and 
of about the same dimensions, the values of the 
measured aberrations 'will be approximately double 
those of each objective taken separately. 

{d) If t’wo additional objectives of sirm‘Tfl.r dimen- 
sions are available, the three objectives may be 
tested in pairs, each one in turn serving as the 
collimator objective. The aberrations of each may 
then be deduced from the measured aberrations of 
the combinations, even if the former differ con- 
siderably in the three cases. 

(c) In the oase of large objectives, when a suitable 
collimator objective is not available, a convenient 
method is one which is now being used at the 
Reiohsanstalt.^ 


principle of the method is illustrated in I'ig. 3, 
which represents a horizontal section of the arrange- 
ment. A. well - corrected 
collimator ohjeotive 0 of 
relatively small aperture, 
having an illuminated pin- 
hole S at its focus, is set 
up 'with its axis in the 
plane of, and at right 
angles to, the axis of the 
objective O which is to be 
tested. A good qnality pen- 
tagonal prism P is mounted 
on a slide in front of the 
collimator objective so that 
it can be moved along 





Fig. 3. 


ooDimator axds across a diameter of the objective 
O into positions such as P', K, Since the direction 
of the rays which emerge from P is not altered by a 
slight rotation of the prism about a vertical axis, 
the rays -will he parallel to the objective axis in all 
XK>mtioxiB. Any tilt of the prism ahout a horizontal 
axis may be prevented by using a level on the top 
of the prism and adjusting the prism, if necessary, 
m its (d^erent positions. The method allows one to 
determine the position of foous for different portions 
of the aperture. If it is necessary to measure the 
aberrations along different diameters, the objective 
may be mounted so that it can be rotated about its 
axis. 

(/) An auto-collimating method (of. Fig. 1) may 
be employed, if a sufficiently largo optically plane 
surface is available. This has the advantage of 
double sensitivity, hut for very accurate work the 
DOTor surface used must be plane to a high degree 
of accuracy. 

There are three main methods of measuring 
the aneiratioiis of an ohjecti've. In considering 
these it will he assumed, as already indicated, 
that a well-corrected collimator objective of 
laager aperture than that of the objective 
under test is employed, though any of the 
above-mentioned devices may he used instead. 

^ ZeitB. InBtruTtienteiik., 1920, xl. 96. 


(i.) Microscope Method , — The objoctivc, the 
collimator, and a suitable obser'ving micr 0 HC ()])0 
are set up in such a "way that their optio.al 
axes are collinear, the microscope being 
placed behind the focal plane of tlio objective 
and mounted on a slide so that it can be 
moved along the axis of the system. A 
minute pin-hole ® is fixed at the focus of the 
collimator objective and is illuminated by a 
strong source of light. The imago of the 
pin-hole which is formed in the focal plane 
of the objective consists of a bright circular 
disc surrounded by a series of concentric 
diffraction rings. The relative number of 
rings and the colour visible in planes at 
small eq^ual distances inside and outside the 
focus give a qualitative estimate of the splierical 
and chromatic corrections of the objective.® 
In order, however, to determine those aberra- 
tions quantitatively, it is necessary to find 
the positions of best foous of the central disc 
when different zones of the objective and 
different wave-lengths of light are used. For 
spherical aberration determinations the a|><ir- 
ture of the objective should he divided into 
ahout 4 or 6 concentric zones of equal area, 
and a series of opaque stops made of siKth 
sizes and shapes that each one only allows 
light to pass through one of these zones. 
If the slide, on which the microscope is 
mounted, is provided with a scalo and vernier, 
or, preferably, an accurate micrometer motion, 
the axial differences of focus for the diffcrtnl 
zones can be measured. 

In order to measure the chromatic aberra- 
tion a similar procediire is adopted, colour 
filters being placed, one at a time, between 
the pin-hole and the source of light or between 
the eye - piece of the microscope and the 
observer’s eye. Tho positions of the micro- 
scope, for which the imago of tho 7 )in-holo is 
focussed for each of tho filters, then enable 
one to determine the positions of the focu for 
different colours and honco tlie chromatic 
correction of tho objective. It is advisablo 
to choose colour filters which are ap])roxi- 
mately monochromatic and to <letornune tho 
predominant wave-length transmitted hy each. 
A series of Kodak colour filters, giving about 
6 wave-lengths fairly evenly s^iacod along tho 
spectrum, between red and violet, is found 
very suitable. For very accurate work, how- 
ever, colour filters may bo dispensed with and 
a monochromatic illuminator placed between 
the source of light and tho collimator 7)in-liole. 
In this way monochromatic light of any giv(‘n 
wave-length may be employed. 

The chromatic difforoncoa of spherical 


* A brightly illnmlnatod small hievdo hall jl 
illuminSil pin-h^ 
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aberration may bo determined by placing 
concentric stops in front of the objective 
and measuring the positions of focus for the 
different zones and the different wavc-lengtlis. 

(ii.) Shadow Method . — This method, to which 
reference has already been made in dealing 
with the methods of finding position of focus, 
was introduced by Foucault ^ in connection 
with the figuring of optical surfaces. In 
order to apply it to the measurement of 
aberrations a narrow illuminated slit is placed 
in the focal plane of the collimator objective 
and a diaphragm with a straight edge is 
mounted behind the objective under test. 
The diaphragm is adjusted until its edge is 
parallel to the slit, the plane of the diaphragm 
being normal to the axis. If the aperture is 
covered except for one particular zone, and 
the observer’s eye is placed near the focus of 
the objective, this zone will bo seen illuminated. 
If, now, the diai)hragm is moved across the 
optical axis in front of the observer’s eye, the 
zone becomes darkened gradually, unless the 
diaphragm is in the focal plane corresj)ondmg 
to the zone, in which case it becomes darkened 
suddenly and uniformly. Thus by a method 
of trial the positions of fo(5us for different 
zones and different wave-lengths may bo 
found. From these the spherical and chromatic 
aberrations of the objective may bo deduced. 

The writer has employed a more symmetrical 
way of applying the shadow method to tho 
testing of objectives. A small illuminated 
pin-hole is fixed at the focus of tho collimator 
objective and, instead of tho diaphragm with 
tho straight edge, a small opaque tircular 
disc on a glass plate is used. It is (sonveniont 
to employ a small point image on a photo- 
graphici plate, its size being app^oximat(^ly 
that of the diffraction imago of tlu^ illuminated 
pin-hole. By means of this arrangement it is 
possible to find the throe co-ordinates of tho 
focus for any zone or to combine tho shadow 
method with tho following method (Hart- 
mann’s) by measuring tho co-ordinates of tho 
points where tho pencil of rays from any given 
region of tho objo(‘.tive a])orturo cuts two 
pianos, one inside and tho other outside the 
focus ; in this latter ease the plate with the 
opaque i)oint must be mounted on a mechanism 
capable of recording measurements in three 
mutually perpendicular directions. 

Methods (i.) and (ii.) arc, of ciourse, only 
applicjablo to tho case of visual measurements. 
Whore it is ncc^cssary to determine the aberra- 
tions of an objocitive designed for photographic 
work, tho chromatic correc^tions being made 
for wave-lengths in the ae-tinic region of tho 
spectrum, tho following method is practically 
the only one that can bo employed ; it can be 
used in tho cose of any largo aperture objective. 

* Tj. Foucault. Ann. Ae VObsnvatom dfi Parity. 1850, 
V. 197 ; Xiemeildeetravaux licicniiS. l^aris, 1878, p. 232. 


(iii.) Hartman7i\H Method . — In this method® 
tho positions of tho foci for different zones of 
tho objective are determined indirectly. An 
illuminated pin-hole is mounted axially in the 
focal plane of the collimator objective, and an 
opaque diaphragm, containing a number of 
circular holes arranged in concentric rings, 
is placed symmetrically in front of the 
objective. A photographic plate is mounted 
at right angles to the optical axis in a plane 
at some distance outside the focus and an 
exj) 08 urc made. The plate holder is then 
moved to a position inside the focus and 
another plate exposed. Thus records are 
obtained of tho diffusion circles in which 
tho narrow i)oncils of light, passing through 
the holes in tho diaphragm, moot the two 
planes in which the plates were placed. Tho 
co-ordinates of tho centres of these diffusion 
circles can then bo obtained by measuring the 
plates,® and if tho distances of tho two planes 
from some fixed arbitrary point have been 
carefully measured, tho x>ositions of tho foci, 
relative to that i)oint, for different stones may 
bo deduced from the relation (4) given above. 
Chromatic aberrations may be obtained by 
making a scries of measurements with light 
of different wave-lengths. 

If carefully carried out, this method is a 
very accurate one, but it suffers from tho 
disadvantage that a considerable amount of 
time is required in order to complete a series 
of measurements. 

In addition to tho above methods the 
aberrations of an objective maj’' bo measured 
by means of interferometry.* 

§ (4) Dktermikation ok General Hkkini- 
TroN. — Tho general definition given by an 
objective depends on tho degree to which tho 
system is corrected for the various aberrations. 
It is diflictilt, however, to deduce from measure- 
ments of tho residtial aberrations how good 
tho definition will bo, for, generally speaking, 
there are no data available whi(di give the 
maximum amounts of tho different aberrations 
that may bo present without spoiling the 
definition. A good idea of the definition 
may, however, bo obtained by placing a 
suitable test object (a fine graduated scale 
or a microscopic tost object may conveniently 
be employed) at the focus of the collimator 
objective and examining its imago in the 
focsal plane of the objective under tost by 
means of a mio.roscopc. As definition is 
partly a subjoctivo quality, it is always 
advisable to compare tho definition of any 

■ J. Ilartmaim, Zeitn. Tnstrumentmk.j 1900, xx. 
51. 

■ Instead of maklnp? photooraphlc records tho 
co-ordinatcfl may bo dotcrmlnoa by moans of direct 
visual observations. 

‘ Sc^o article on Int^^rferomotors : Technical 
Applications " ; also B. Waotziuann, Ann. d. Phvaik t 
1912, xxxix. 1042; F. Twynian, J3rit„ Joum. cf rkot.f 
1018, Ixv. 666, 667. 
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given objective 'with that of a similar objective 
whose general optical performance is known. 
The definition of a telescope objective may 
also be tested by an examination of the 
extrafocal difiraction images of a distant 
point sourced The resolving power may be 
determined by observations on double stars. 

j. s. A. 

Objects, Mountoto oe, for microscopy wi-th 
ultra-violet light. See “ Microscopy with 
Ultra-violet Light,” § (4). 

Oboe : a -wind - instrument, played with a 
small douhle-cone reed and having a conical 
tube. See “ Sound,” § (35). 

“Onde be Choo.” See “Sound Banging,” 

§w. 

Opal Glasses, Manupaottobb oe. See 
“ Glass,” § (36). 

Ophthalmic U-yiTAMOMETER, Laheolt’s : an 
ophthaLnic instrument for determining the 
maximum of convergence of a subject’s 
eyes. See “ Ophthalmic Optical Appa- 
ratus,” § (3). 

OPHTHALMIC OPTICAL APPARATUS 

§ (1). — Until the introduction of oyhndrioal 
lenses for spectacle use, ophthalmic optical 
apparatus was of the crudest, and consisted 
mainly of sets of pairs of spherioal lenses 
fitted into hom frames kno-wn as “ triers.” 
With cylindrical lenses and the necessity for 
rotation of the lenses, came the full trial- 
case, the ophthalmoscope, ophthalmometer, 
and retinoscope. 

Ophthalmic instruments may be divided 
roughly into a subjective class, where the results 
are obtained from the answers of the subject 
or patient relating his impressions of what he 
actually sees by means of the instrument, and 
into an objective class, where results are arrived 
at by deductions being made from what is 
seen by the observer in or of the ©ye of the 
patient without reference to any questioning 
of the patient. 

§ (2) SiTBJECTiVB IxsTETJMBNTS. — Among 
subjective instruments we can include ; 

Phorometers for testing and exercising the 
strength, deviation, and direction of the 
external ocular muscles. 

Perimeters and scotometers for plotting and 
measuring the field of -vision. 

Photometers for light perception. 
Chromo-optometers for colour perception. 
Ophthalmic lenses. 

Test-cases of trial lenses (the Bonders 
method). 

Test-t57peB for measurement of 'visual acuity 
and form perception. 

\ See The Adjustment and Testing of Telescopic 
Oigecttves, by Messrs. T. Cooke <fe Sons, York. 


Biffusion-area instruments relying upon 
the distortion or aberration produced by 
ametropia. 

Optometers, a term given to instruments 
generally of telescope design, and dependent 
upon a personal adjustment of focus by the 
patient. 

§ (3) Phobomiters. — Phorometrio instru- 
ments deal with the measurement of ocular 
muscular want of balance, and the muscular 
exercises for its correction. The muscles of 
a normal pair of eyes are so balanced that 
the eyes involuntarily converge upon any 
fixed object, each eye conveying to the 
brain a similar picture. The exact super- 
position of these t-wo pictures creates a single 
picture with stereoscopic relief. Should there 
be some difference in the size or definition of 
these two pictures due to difforenco in tho 
focal strength of the eyes, or should a single 
picture be obtained with ^fiiculty, the roHiilt 
is either that a strain is thro-wn upon tho extra- 
ocular muscles in an attempt to secure single 
stereoscopic vision, or else failure to secure such 
vision results in a more or less pronounced 
squint or strabismus, "with a temporary sup- 
pression of vision in one eye, in order to avoid 
confusion. It is obvious that, if two separate 
images are seen by the two eyes, a fusion of the 
images can be obtained by placing in front of 
one eye a prism, which ■will cause one of the 
images to de-viate and superpose itself over tlio 
other image, and thus secure steroosc<)i>io 
vision. 

Supposing always that tho eye refraction 
has been corrected, and pictures of equal size 
and definition secured, it is one of the simplest 
of optical procedures to find a prism which 
will give the required deviation. Tho iirst 
thing is to make one of tho images seem so 
altered or distorted that tho brain no longer 
attempts to associate it with tho other imag<^, 
and consequently ceases to make any muscnlar 
effort to superpose tho two images. ^J’his 
distortion is usually effected by glass rods 
or cones or similar distorting contiivanoos. 

One of the most effective of tlu^HO is tho 
Maddox set of rods or grooves (Fif/. 1), which 



FIG. 1. 


consists of a set of short coloured convex 
cylindrical thin glass rods, or concave cylin- 
chrical grooves fixed side by side in a small 
disc for use in the oculist’s trial-frame. A 
bright small light seen through one of those 
rods produces a small fine line as an imago, tho 
several rods or grooves making in continuation 
a long decided line of light which can easily bo 
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fixed l)y tlio patient. Phis lino is so different 
■fi’Dm the imago of the object seen by tbe otber 
eye that there is no effort on the part of the 
patient to secure superposition or oTercome 
what is called his “dynamic strabismus.” 
Siioceasivo ])riBnis are now placed before one 
of tlie eyes until this streak of light appears 
to coincide in position with the original light. 

The Eisloy or Horschell prism, which con- 
sists of two equal-powered prisms superposed 
and rotating at equal rates in opposite direc- 
tions, is often used in order to obriate the 
necessity of trying successive prisms. 

Another method of correcting the defect 
is that of the Stevens phorometer, which 
consists of two equal prisms (one before each 
eye) rotating in opposite directions. With 
either of such instruments, or some similar 
phorometer, the strength of the external eye 
muscles may he measured. There are many 
varieties of this class of instrument, varjdng 
chiefly in the number of small trial-case 
acoossorios attached to save time in adjust- 
nxont. 

Nearly all instruments for testing the ocular 
musedos depend upon their ability to create a 
diploj)ia which will not be overcome mentally 
by the patient, and having created it to in- 
dicate the x^rism giving fusion or a single 
imago. 

In order to induce diplopia, Thorihgton 
uses an ingenious form of truncated con© 
ground in two 7*00 -dioptre prisms, separated 
by an interval of plane glass 3 mm. wide, ’ 
which i)roduce the combined effect of a Maddox 
rod nnd doubling prism in one piece of glass, 
with the important addition of a centre light 
as a starting-point. 

An excellent but little-known mstrument is 
the Romy Dijdoscopo, which consists of a wide, 
short, hollow cylinder blackened on the inside, 
28 cm. in length and 9 cm. in diameter, 
open at the oye-end, and closed at the other 
end by a disc with four round holes about 
2 cm. in diainoter, two of which are 4 cm. 
apart, and tlie others 1 cm. apart-. By 
revolving a shutter, one pair of holes is kept 
(dosed while the other pair is open, and hy 
revolving the disc the pair which is open 
may be set at an angle which is required for 
a tost. In front of the open end of the 
cylinder there is a black square frame to 
block out stray rays of light, and a black bar 
at the top of the frame can be either lowered 
vertically across the opening, moved at an 
angle to one or the other side, or lifted away 
altogether. This cylinder is mounted on a 
long rod with its axis parallel to the rod so 
that the disc containing the holes is midway 
between the two ends. The length of the rod 
is 120 cm., the disc is thus 60 cm. from the 
eye, while the distance between the centres of 
one pair of holes is approximately equal to the 


distance between tlie eyes. At the other end 
of the rod is a test- card carrying four letters 
arranged horizontally at distances of about 
6 cm. apart. If a patient with binocular 
vision looks at the holes he will see all four 
letters. Each eye sees a different letter 
through each of the two holes. If he suffers 
from convergent squint only two letters will 
be visible- By employing the second disc 
with the holes closer together and a second 
test-card on which there are two letters one 
above the other, further tests can be made. 

Another popular instrument used in the 
British army is “ Bishop Harman’s Diaphragm 
test.” This is the reverse of JavaVs weU- 
known bar-reading test. Instead of a bar 
there is a screen with a single hole in it {Fig. 2). 



Fia. 2. 


Into this hole the patient can look with both 
eyes without suspecting the test to which his 
vision is being sub 3 ecte(L The instrument is 
held with the end of the bar against the face 
and a screen with a suitable design is mounted 
in the holder at the other end of the bar. 
The patient sees part of this screen with the 
right eye, part with the left, and a small 
central region with both, as shown in the 
sketch. Horn the extent and location of these 
various fields the nature and amount of the 
squint, if any, can he deduced. 

The difficulty of fitting prisms to cure the 
defect does not lie in the manipulation of 
the instruments, but rather in the inability 
of the patient, as a rule, to wear anything 
approaching the prism or Maddox correction 
wMoh gives perfect fusion, possibly due to an 
inconstant variation in convergence on the 
part of the patient, and also to the distortion, 
astigmatism, and chromatic aberration insepar- 
able from prisms of any strength. It is also 
possible that the exact relation between a 
prism giving fusion, and the correction of 
eye-strain and strabismus, has not yet been 
satisfactorily settled. When this question 
of fitting prisms and lenses has reached the 
certainty of determination, of that used in the 
prescription of spherical and oyfindrical lenses, 
a new and universal type of spectacle lens 
must immediately follow. 

In England considerable attention has been 
given to the question of muscular anomalies. 
Of late years the tendency has been to recom- 
mend muscular exercises for the cure of 
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strabismus or squint, ratber than interference 
by surgical operation. Nearly all instruments 
that are used are based, more or less, on the 
principle of the stereoscope. 

For determining the maximum of converg- 
ence, an instrument known as Landolt’s 
Ophthalmodynamometer may be used. This 
consists of a metal cylinder blackened on the 
outside placed over a small light or candle 
flame. The cylinder has a vertical slit 0-3 mm. 
wide covered by ground glass. The luminous 
vertical line is the object on which attention 
is to be fixed. Beneath the cylinder is a 
tape measure graduated in cm. on one side, 
and on the other in a corresponding number 
of meter angles. The cylinder is gradually 
approached towards the patient until double 
vision of the line of light occurs. 

An instrument for testing latent torsion is 
the Optomymometer of the Geneva Optical 
Company, which consists of two tubes about 
20 in. long, one of which is moved horizontally 
only, while the other can be elevated or 
■ depressed to any angle. At one end of each 
tube is a rotatable diso in which a slit is cut. 
On looking down the tubes, one slit is seen 
with each eye ; by adjusting the inclinations 
of the tubes one slit may be made to appear 
vertically above the other, and by rotating 
the discs they may be made to appear parallel. 
There are many variations of this instrument, 
one of which is that of the clinoscope of Cooper, 
and the more recent one of Stevens. 

§ (4) Pttpilombtbrs. — ^The size and shape 
of the pupil and its position in the centre or 
otherwise in the iris field is a matter of some 
importance both in discussing pathological 
questions and also in accounting for the un- 
certain results sometimes obtained in the 
estimation of refraction. It has been found 
that the visual axis rarely passes through the 
centre of the pupillary opening. Various 
methods have been devised to measure either 
the size of the pupil or its position. The 
simplest, and the one in common use, as in 
Fig. 3, is to have a series of various-sized 
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black dots on a card, and to compare them 
with the actual pupil, or to make similar 
comparisons with an ordinary wedge-shaped 
gauge. The other methods have been con- 
fined to the laboratory, and have consisted 


chiefly in the use of ophthalmometers with 
the doubling prisms removed, and by ad- 
justing the size of the images of the mires 
or bringing them into contact on the cornea 
until they just cover it, an estimate of 
the diameter of the pupil has been made. 
Another ingenious method due to Landolt was 
to use a Fresnel doubling prism, and so adjust 
the distance between the two images until they 
just touch. Photography to scale has also 
been employed. 

§ (5) Perimeters. — Perimeters or scoto- 
meters are for the measurement of the field 
of vision from the macula to the peripheral 
parts of the retina, and the plotting out of 
portions of the retina which are totally or 
partially atrophied. The measurements can be 
made for the colour as well as the light field. 

Roughly the field of vision can be ascer- 
tained by making the patient look fixedly at 
a spot, such as the eye of the surgeon. A 
test object, such as a small ball, is then placed 
in front of the eye in various positions until 
the limits of inchrect vision are determined. 
Usually elaborate instruments are used, 
allowing the travel of a test object along an 
arc having the patient’s eye as its centre. 
Such instruments are generally furnished with 
mechanism for the silent and unobserved 
movement of the object, and the simultaneous 
recording of the limits of vision by a puncher, 
pricker, or pencil on a graphic chart behind 
the instrument. 

Aubert and Forster constructed an instru- 
ment in 1847 upon which most of the subse- 
quent perimeters have been based, amongst 
which are the McHardy, Skecl, Dana, Stevens, 
Schweigger, Landolt, Bardsloy, and Priestley 
Smith perimeters and scotometors. Tliose 
vary chiefly in the mechanism for the test- 
object carrier and tho method of making the 
chart. Fig. 4 shows tho McHardy instrument. 

Tomlinson, in order to avoid the large and 
cumbersome arc, designed a system of a tilting 
mirror which gives an imaginary movement 
to the object. 

Many surgeons use the Bjerrum screen, 
which consists of a large square black sen^en 
2 metres in breadth, at a distance of 2 niotros 
from the patient. This system has tho ad- 
vantage of increasing all tho moasuromonts — 
the blind spot, for instance, measuring 20 cm. 
on the screen instead of about 2J cm. with 
the ordinary perimeter. Beyond 46°, measure- 
ments on a flat surface arc not of much use. 
R. H. Elliott has recently made considorablo 
improvements on this method. Ho uses in 
front of tho Bjerrum background a movablt^ 
disc in which there are small illuminated 
objects. 

In the Oampimeter of Do Weeker tho 
patient fixes a small cross in tho middlo of a 
black screen on which are marked radial linos ; 
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the tost object is moved from the periphery to 
the centre, the limits of recognition being 
marked on each line in turn. The points on 
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the various radiating lines are then joined, 
showing the area of the visual field. 

Tlic same }>rinciplo applies to nearly all the 
porinactors. In some like the Priestley Smith, 
the McHardy, the Skeol, etc., the test objects 
travel on an are centred round the patient’s 
eye, instead of at a tangent, as in the case 
of the Wec'.ker and Bjorrum screens. The 
difiorenoos in the many arc instruments are 
rather in details of workmanship and mechan- 
ism than principle. 

Hand porimotors are rather for clinical or 
bedside use. 

The lUKiortaintios of perimetry are duo 
cliiefly to the tendency of the patient to allow 
his eye to wander away from the fixation 
point and also to the various degrees of intolli- 
goncte on the x)art of the patient. 

§ (b) PnoTOMffiTEHs. — Until the war and 
recently, comx)arativoly few experiments had 
boon made as to the perception of light in the 
estimation of refraction and eyesight. The 
lirovalenco of night-blindnosa, the possibilities 
of malingering, and insurance problems, 
brought into use some of the many well-known 
photo motors.’' Perception scales such as those 
of Parinaud, which consist of ton graded 
squares of grey ooh)ur from white to black or 
a black background on which various colour 
shades are outlined in small squares to be 
counted by the patient, constitute probably 
the quickest and simplest method. 

§ (7) CiriiOMO-OPTOMiCTEKS. — Sinco atten- 
tion lias been drawn by the Board of Trade 
fcjoo “ Photometry and Illumination."' 


and Admiralty to the necessity for stiicter 
tests, the examination for colour vision has 
become a much more general practice. Some 
observers employ the confusion test of a 
series of coloured wools (Holmgren), while 
others, such as Butler-Harrison and Edridge- 
Green, rely upon the use of lanterns showing 
by rotation and superposition a series of 
colours which the patient is called upon to 
classify or compare. 

Another useful test is that of the bead-box 
of Edridge-Green, where a variety of coloured 
beads is given to the patient to classify. 

An ingenious instrument is that of Chibret, 
in which a plate of quartz ground parallel to its 
axis is placed between Niool prisms. The 
plate is seen coloured, and the colour depends 
on the thickness of the quartz. If the Niool 
analyser is rotated, the colour changes. At 
45 degrees the field is white, on rotating the 
prism to 90 degrees one obtains the comple- 
mentary colour which increases the intensifica- 
tion of colour. By replacing the analyser 
with a bi-refringent crystal, in the form of a 
prism, one of the images has the comple- 
mentary colour to the other. In the instru- 
ment of Chibret, by varying the obliquity of 
the prism, it is possible to obtain the whole 
range of colour and intensities. The patient 
is asked to regulate the instrument so that at 
any degree of intensity he is sure to secure 
equal colouring of the two fields. Failure 
to do this indicates his degree of colour 
sensitiveness. 

§ (8) Ophthalmic Lenses. •«- Ophthalmic 
spectacle lenses differ from photographic, pro- 
jection, microscope, or what may be’ termed 
image-forming lenses or systems, in that they 
are usually of approximately one diameter 
or aperture, one tMcknoss, and except in the 
cases of special bifocal and cemented lenses, 
they are thin single lenses of two surfaces 
only. 

Spectacle lenses are made of ordinary white 
glass similar to that of a good window glass. 
The English glasses are generally very white 
hut stiftor than the French or St. Goban glass. 
Recently Schott of Jena have manufactured 
a hard and dense glass for better class meniscus 
lenses. 

Until about twenty years ago the more 
expensive lenses were made of Brazilian 
pebble or “ rock-crystal.” It was claimed 
that the extra density of the crystal allowed 
a thinner lens, and cooler to the eye ; but on 
the other hand there were many faults, such 
as that of double refraction, striae, and 
surface imperfections in working, that made 
them inferior to ordinary good white glass. 
The introduction of cylindrical and prism 
lenses resulted in comparatively few lenses 
being made of pebble owing to the difficulties 
and expense of working the surfaces. 
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With spectacle lenses a large variety of 
surfaces and combinations, useful only in 
ophthalmic lens work, are employed. 

(а) The piano-spherical, where one side is 
plane, the other convex or concave spherical. 

(б) The bi-apherical, where both sides are 
spherical, either convex-concave or else con- 
cave or convex. 

(c) The piano -cylindrical, where one side is 
plane and the other is a simple cylinder. 

{d) The periscopic, a term given in the 
trade, of which one surface is concave, the 
other convex, and in which the concave side 
is about 1*25 to 2 dioptres in strength, the 
other side having an excess of convexity to 
secure the necessary focus. 

(e) Meniscus lenses, practically deep peri- 
scopics, where the concave surface ranges 
from 6-00 to even 12-00 dioptres. 

(/) Ordinary sphero-cyhnders, where one 
side is convex- or concave-spherical and the 
other a convex or concave cylinder. 

{g) Toric lenses, where the one surface is 
that of a segment of a torus, or anchor 
ring. A good illustration of a toric surface 
may be taken from that of a bicycle tyre 
which has two differing curves, one at right- 
angles to the other. The advantage of a toric 
lens is that it provides a sphero-cylindrical 
lens in the form of a meniscus combination. 

Prisms are also used with any of the above 
lenses or combinations. If the prism re- 
quired is comparatively weak and the spheri- 
cal power fairly strong, this may be secured 
easily by decentration of the lens in the spec- 
tacle frame, but if the prism required is fairly 
strong, without a corresponding increase or 
ratio of strength in the spherical, then the 
spherical curves are usually worked upon a 
prism or wedge-shaped glass. 

There are some forms of special spectacle 
lenses which call for special mention, not only 
for the special purpose for which they are 
intended, but on account of their very beautiful 
workmanship, such as the bifocal, aspherical, 
and cataract lenses. 

(i.) Bifooal Lenses . — The bifocal is a spec- 
tacle lens having two different powers or foci 
set in the same eye- wire or spectacle frame; 
the upper power or focus being used for dis- 
tance and the lower for reading or close work. 
A bifooal lens is generally useful in the case 
of a person who is ametropio and who requires, 
on account of age, two separate foci, one for 
distance and one for reading, and wishes them 
to be in the same spectacle frame in order to 
avoid having two pairs of spectacles. 

There are many forms of bifocals, the 
oldest being the Franklin bifocal, made of 
two half lenses of different foci joined together 
with a straight joining line. The drawback 
to this pattern is that the half-lenses are liable 
to jump out of the frame, the junction retains 


dirt, while the lower half presents inconveni- 
ence, and is usually too lai‘ge for the purpose 
for which it is intended. This is sometimes 
avoided by placing the lower half into a curve 
cut out of the upper piece. Very many 
suggestions and patents have been taken out 
for bifocals, but most of them have been 
discarded on accormt of the difficulty of 
securing good centring and also because 
the dividing line or ridge is generally in the 
way. The commonest form of bifocal con- 
sists of small thin segments of additional 
powers cemented on to an ordinary lens of 
the focus required for distance. The segment 
is usually so thin as to be almost imper- 
ceptible, but is liable to become disturbed 
through ‘heat, strain or concussion. One very 
modem form is generally known as the fused 
solid bifooal, wHch is made by grinding or 
gouging out a small depression or curve in 
the lower part of the distance lens, which 
should be of low refraction. Into this de- 
pression or curve or small basin is dropped 
and fused another small Ions of very much 
denser refraction. The difficulty in manu- 
facture is to secure a perfect join between 
the two surfaces without introducing air 
bubbles. After fusing, the whole surface is 
then ground to a specified curve, in appear- 
ance one lens only, although there are two 
separate foci. The process requires such 
extreme care in manufacture that the lenses 
have become almost a proprietary article. 

Another equally modem form is that of the 
solid bifooal, where two separate curves are 
ground on the same surface. A small but almost 
imperceptible ridge is formed between the two 
parts of different foci, which are gi‘ound out of 
the same piece of glass and therefore do not de- 
pend on two different refractions. The method 
of manufacture calls for a land of optical grind- 
ing that has not been used in any other kind 
of optical work. All oi)ticianB are aware that 
all optical lenses arc surfaced by means of 
optical tools having the same curvature, and 
by means of emery and rouge are polished 
afterwards on the same tools with a piece 
of cloth. This bifocal is grouird quite a 
different way, in that the surfaces of all the 
lenses, no matter what the foci, are ground 
by means of a thin ring tube about half the 
diameter of the part to bo ground out from 
the lens. The end of this tube rotates at a 
different rate from the lens, which is fixed on 
a shaft, and the difference in rotation results 
in varying curves, spherical curves of extra 
curvature being ground. Theoretically the 
one tool grinds every curve. The difference 
in the rate of the abrasion between the outer 
and inner edges of the cutting tube produces 
the curve desired. 

(ii.) Aspherical Lenses . — The optical for- 
mulae of ordinary spherical lenses are of tho 
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simplest and do not require discussion. Von 
Bohr has pointed out that the formulae hold 
good only in the case when the axis of the 
spectacle lens is directed towards that parti- 
cular object-point that is the principal object 
of contemplation, which would mean that in 
order to realise such conditions we should 
have to move our heads continually in looking 
around ; this is avoi led in the ordinary way 
by moving the eye instead of the head and 
thus getting what is called direct vision. 

The result is that when the eye moves and 
looks towards the edge of the lens, fresh 
optical conditions are sot up which result in 
aberration. It has not been found iDossible 
in actual practice to correct vision by the 
usual combinations such as arc mot with in 
photographic cemented objectives on account 
of the expense, weight, fragility, and liability 
of the lenses to become uncemontod. Any 
attempts made to correct this aberration have 
been in the direction of giving definite form 
to the surfaces of meniscus lenses, according 
to the resultant focus required. Wollaston, 
Ostwalt, Tscherning, Porcival, Gullstrand, and 
Whitwell have at various times drawn up a 
definite series of tables defining ‘the curves 
which are likely to give the least amount of 
aberration with certain foci. The problem 
has naturally boon more diflicult in the case 
of toroidal or cylindrical lenses, Gullstrand 
has devised an asphorical surface of revolution 
where the meridian curve is different from the 
arc of a circle, and includes such surfaces of 
revolution as elliptic, parabolic, and -hyper- 
bolic surfaces. Undoubtedly this is an ideal 
form of curvature and is limited only by 
difficulties of manufacture. 

(iii.) Gataract Lerufea , — As lenses for aphakio 
patients are generally above LbOO D in 
strength, the weight of the Ions is a groat 
drawback. Attempts have boon made to do 
away with this by cementing on an ordinary 
plano-lons a small convex lens, wbioli does 
away with weight and roducos the aperture 
and consequently the aberration. 

§ (9) Test-oasis ok Trial Lenses. — There 
is j)robably no piece of ophthalmic apparatus 
which is more universally used or relied upon 
by both oculists and opticians tlian the tost- 
case of trial lenses. No matter what method 
or instrument may bo used, almost invariably, 
at some stage of the prococluro, use is made of 
the test-ease and trial-frame. 

Tlie TriaUframa . — Lenses when used for 
testing a patient’s vision are usually mounted 
in a trial-frame, of which there are numerous 
patterns with adjustments to suit the patient 
and to rotate the lenses. Fiff, 6 illustrates 
one form. 

A test-case consists of a series of the lenses 
forming the various combinations possible of 
spectacle lenses. They are nearly always 


circular, 38 mm. in diameter, unmounted or 
mounted in metal rings with handles. Some- 


Fig. 5. 

times they consist in their simplest form of a 
small series of about 50 single spherical lenses 
for use in retinoscopy in the dark room, or 
they may include a full case of pairs of convex 
and concave sets of spherical and cylindrical 
lenses grading by 0-12 intervals up to about 
3-00 D, by 0*26 intervals up to about 4-00 D 
and 0-50 intervals to about 8-00 D. The larger 
cases generally contain very many accessories, 
such as a full sot of prisms, blanks, pinholes, 
and stonopaio slit discs, together with a full 
range of coloured glasses. Some trial ■ cases 
also contain extra smaller sets of bifocal and 
cataract lenses. Almost any combination 
can be made by combining one, two, or three 
lenses together, although the distances from 
the eye and the separation of the lenses must 
be taken into account when ordering the 
actual spectacle lenses. 

For that reason, the ideal test-ease should 
consist of plano-sphorioal lenses rather thari 
bi-s])horioal. 

The Optical Society sot up some years ago 
a sot of standards for trial-cases, and lenses 
tiro toRtod to those standards at the National 
PhyRiotil Laboratory. 

The ])inholo discs consist of small various- 
sized perforated discs which afford a speedy 
moans of determining whether imperfect 
vision is due to ametropia or to other condi- 
tions. In pure ametropia, the re- 

duces the circles of diffusion and gives good 
visit)n with a certain loss of illumination. In 
other oasoH it makes the vision worse. The 
oases in which it is likely to bo misleading 
are of an unequal surfaced or faceted oomoa 
or conical cornea, whore better vision is some- 
tiraofl secured by a pinhole disc and yet no 
suitable correcting lens can bo found. 

The stonopaio sUt acts very similarly in 
cases of astigmatism, whore the diffusion q^rcas 
on the retina are greater in one principal 
meridian than in another. The stonox)aio slit 
limits them at right angles to its length. 

The ordinary use of tost-lonsos is to test 
each eye separately, giving the strongest 
cion vox lens in the ease of hypormetropia, and 
weakest ooncavo one in the ease of myopia, 
consistent in each ease with best vision. In 
similar fashion, but applicable to one meridian 
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only, use is made of cyliudrical lenses for 
astigmatism. The difficulties likely to be 
encountered in the subjective use of the trial- 
case arise chiefly through having to rely 
upon the answers of the patient and the 
tendency there is to excite the accommodative 
apparatus of the eye. 

Some operators use, in order to save time, 
apparatus consisting of a series of test-lenses 
revolving before the eye of the patient. These 
are sometimes termed refractometers, or by 
various proprietary names. 

Subjective testing, or the use of trial lenses, 
cannot be regarded as thoroughly satisfactory 
until the conditions of the lenses in the trial- 
frame on the patient’s face approach those of 
the actual spectacles. To this end the lenses 
should be very thin ; if a combination of two 
is used, then each trial lens should be half 
the thickness of the spectacle lens. The trial- 
lens should be piano-spherical or piano- 
cylindrical. The two piano surfaces of these 
should face each other ; the separation between 
them should be almost nil ; and the distance 
of the farthest lens from the eye and its tilt 
should be the same as the actual spectacle 
lens worn. These conditions of course are 
difficult to fulfill, although instruments have 
recently been devised to measure the distance 
of the spectacle lenses from the eye, and also 
of the trial lens, and to make comparison. 

Many users of test-oases prefer to estimate 
the refraction by such objective methods as 
retinoscopy, ophthalmometry, and ophthal- 
moscopy, putting up an approximate com- 
bination into the trial-frame and then by 
sHght adjustment or alteration determining 
the final correcting glasses. Some, however, 
prefer to rely entirely on subjective methods 
and more or less adopt a definite system and 
rigid routine in its use. 

A careful operator who reHes principally 
upon his test-case without preliminary object- 
ive findings nearly always uses some kind 
or other of “ fogging ” method. This consists 
in blurring the vision by a positive lens of 
power in excess of that required for correction 
and interposing negative lenses of gradually 
increasing power until distinct vision is ob- 
tained. By approaching the desired correc- 
tion from this side the patient’s accommoda- 
tion is prevented from coming into play and 
producing an apparent increase in myopia. A 
fan line diagram or similar test chart should 
be used, otherwise mixed astigmatism may be 
overlooked. 

One such modem subjective system consists 
of the use of the usual set of test-letters, a set 
of fan lines and a block or series of parallel 
lines capable of being rotated to any particular 
meridian. The procedure is to use the test- 
letters only to ascertain the visual acuity 
before and after testing, and to rely upon 


fitting separately the two principal meridians 
without further reference to the test-lotters. 
The patient is asked to state which lines in the 
fan are the clearest. The set or block of 
parallel lines is then fixed at right angles to the 
clearest line and therefore at the worst position 
at which they can be seen. Convex spherical 
lenses are tried upon this, and if the vision is 
improved are increased in strength until the 
best result is obtained ; the fan hnes are then 
again resorted to and the patient is asked to 
pick out the best set ; a suitable concave 
cylindrical lens is then put in the trial frame 
and turned until the fan lines appear equal in 
clearness. Should, however, convex si)herioal 
lenses not improve the block linos in the first 
instance, the procedure is repeated from the 
start with the block linos at the opposite 
meridian or axis. If convex spheiicals are still 
useless, concave sphericals are tried and the 
same procedure followed. If the block is still 
seen most clearly without the aid of a lens, it is 
assumed that that particular patient is emme- 
tropic and that a concave cylinder with its 
axis properly oriented is alone required. The 
advantage of such a system is that the most 
difficult complicated oases of astigmatism are 
gradually eliminated at the outset ; there is 
little tendency to excite the accommodation, 
and by the use of concave cylindrical lenses 
only instead of convex the best form of 
periscopic lenses is secured. Any system which 
does not allow of an exact placing of the 
cylinder in the trial frame is haphazard and 
casual. • 

§ ( 10 ) Diffusion - auba Instruments. — 
These instruments depend upon diffusion 
areas for the estimation of refraction. Tho 
Culbertson prisoptomotor in optical construc- 
tion is rather like an o2)hthaluio motor in that 
it has a double prism which can bo revolved 
through the various degrees of tho scale. Tho 
patient looking through tho circular oi)oning in 
the centre of the instrument soes two circU^s. 
If, when the instrument is adjusted, the circles 
are just in contact, tho case is one of ennno- 
tropia ; if they overlap each other it is myojua ; 
and when they separate it is a case of hypor- 
metropia. Thoorotic-ally, it is a very ingenious 
instrument, but as tho intolUgenco of tho 
patient is called into play, exactness and 
accuracy do not always follow. 

Another ingenious diffusion instrument is 
the ametromoter of Thomson, which consists 
of two very small flames or sour<!es of light, 
one stationary and tho other movable on a 
graduated arm, revolving about the first flame 
aa a centre. Tho method is to move one flame 
along the arm until tho two flamos ajf)pear to 
fuse. The approximate strength of the It^ris 
required is marked on tho scale. 

Under the head of difloront tests may come 
that of the Cobalt-blue Ions. Dor tho x)urx)osos 
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of this tost a cobalt-blue glass, which appears 
dark blue but contains as much red, is fitted in 
the trial -frame. Cobalt-bluo glass has the 
power to exclude all but blue and red rays. 
Blue rays are more refrangible, and therefore 
focus sooner than rod. If such a glass is placed 
before the patient’s eye and a small flame used 
as a test object an emmetropic patient will see 
a small circle composed of two colours equally 
mixed — that is to say, purple — but a hyper- 
metropic patient will see a rod ring of light 
with a blue centre, and a myopic patient will 
see a blue ring with a red centre. 

§ (11) Optometees. — Optometry is a term 
sometimes applied to all ocular methods of 
estimating the refraction of the eye. We 
confine the application here to that generally 
accepted in Europe, t.e. to instruments where 
an adjustment of lenses is made by the patient 
in order to obtain the clear image of an object 
and the result recorded on the metric scale. 
Hence the term. Prior to the introduction 
of retinoscopy and phorometry, the opto- 
meter was almost the only method of estimating 
the refraction other than the trial case of 
lenses. There are probably more varieties of 
optometers than of aU other ophthalndio 
instruments put together, probably due to 
their construction being so closely allied to that 
of the ordinary optical bench. In actual 
practice their use has been almost entirely dis- 
continued, chiefly owing to the uncertain 
accommodation of the patient which so easily 
confuses the result. This involuntary act of 
accommodation is due to the fact that all such 
optometers are provided with a small eye- 
piece aperture; and this, combined with the 
need to roly upon the ability of the patient to 
decide very accurately as to comparisons of 
clear focus, calls into play the accommodation' 
and imagination. 

The most of the older optometers rely upon 
the well-known i)rincij)lo of Scheiner’s experi- 
ment that if a card in which two small holes are 
pierced at a distance from each other less than 
the pupillary diameter is held in front of the 
eye, a lumiiu^us point seen from a distance will 
appear to a normal-sighted person as one light, 
whereas to one with defcotivo vision, it will 
appear as two lights. 

Do la Hire, Porterfield, Thomas Young, 
Helmholtz, Bull, and many others followed on 
with modifications of instruments, all based 
on this principle, but while all of them are 
optically interesting they are unsatisfactory in 
actual practice. 

Subsequently Coocius, Bonders, Do Grraefo, 
Perrin, Badal, Hardy, Do Zong, and many 
others designed optometers to obviate the 
eflects of accommodation. Most of these 
employ a fixed convex lens serving as an 
eye-piece and a movable illuminated object. 
The patient places the object whore he sees it 


most clearly and notes its position relative to 
the princii>al focus of the lens. If it be between 
the lens and the principal focus the rays which 
enter his eye are divergent, he is short 
sighted ; if it is beyond the principal focus, ho 
is long sighted. The difficulty of obtaining 
accurate results is that while optically accom- 
modation may be eliminated, yet the mental 
effect on the i)atient of seeing something at a 
distance which really is close to upsets his 
judgment and ho gives inaccurate positions 
for that of the clearest vision. 

Optically the best of these is the instrument 
of Badal, whore a fixed single biconvex Ions 
is placed so that its principal focus coincides 
either with the nodal point of the patient’s 
eye or with its anterior focus. In cither case 
the size of the retinal, imago of an object 
situated at any distance in front of the lens 
is unaffected by moving the object nearer or 
further away. This destroys the sense of 
varying distance and prevents the aooom- 
modativo efforts which result from this. This 
optomotric system is the best if one can roly 
upon the accurate judgment of comparison by 
the patient, 


Optic Axis : a direction in a crystal along 
which there is no separation of the 
ordinary and extraordinary rays. Crys- 
tals having one such direction are known 
as uniaxial ; those having two such direc- 
tions as biaxial. See “ Polarised Light 
and its Applications,” § (5). 

Primary and secondary. See ibid. §§ (7) (ii.) 
and (18) (iii,). 

Optical Activity : the power possessed by 
certain substances of rotating the piano of 
polarisation of a beam of light passing 
through them. Soo “Polarised Light and 
its Applications,” § (20). 

Optical Bei^cii, for testing of lenses. See 
“ Camera Lenses, Testing of ” ; “ Lenses, 
Testing of Simple.” 


OPTICAL CALCULATIONS 

§ (1) Tiugonommteioal Methods. — The 
methods employed almost exclusively in the 
X)ast in the con\i)utation of optical systems 
have consisted in tracing step by step the 
paths of a few rays solootod according to rules 
which are largely ompirioal in character. 
From the pt)int of view of the computer this 
system has much to recommend it. The 
amount of calculation involved is limited, 
and with a certain amount of past experience 
to indicate in what direction modifi-oations 
intended for the improvement of a system 
already approximately determined are most 
likely to prove satisfactory, the evolution of 
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systems attaining such, a degree of correction 
as has in the past proved necessary is possible 
in not too prolonged a time- rhe methods 
most extensively employed are trigonometrioal, 
and it ■will be convenient to record here the 
systems of equations very commonly ■used for 
tracing rays ■through, a series of coaxial 
spherical refracting surfaces. In the first 
example the ray lies in a plane passing through 
the axis of the system, and the problem is 
simply two-dimensional 'This case covers 
by far the greater part of the calculations 
normally made. In the second ease the ray 
does not lie in an axial plane, and the portions 
of the path lying in three snooesswe media 
will not usually be coplanar. 

Suppose that there are in, spherical refracting 
surfaces having their centres of curvature 
on a straight line coincident with the x axis 
of co-ordinates. Let the surfaces he distin- 
guished bythe numbers 1,2, 3, . . , m, . . . 
n, the order of the numbers being that in which 
the surfaces are met by a ray of light traversing 
the system from the object space to the image 
space- The radius of curvature of a surface 
is denoted by r, to which is added as a suffix 
the number of the particular surface. The 
sign convention adopted, which is almost 
universally accepted, requires r to he regarded 
as a positive quantity when the light is 
incident on the convex side of the surface, 
negative when incident on the concave side. 
Thus with a positive radius of curvature, 
and with the light represented in diagrams 
passing from the left to the right, 'the centre 
of curvature will be situated to the right of 
the vertex or point in which the refracting 
segment of the sphere meets the axis. Each 
surface marks the separation of media of 
different refractive indices, and it is convenient 
to use numbers to distinguish these also. 
The total number of these media is n+\, 
and they will be denoted by the n^umbers 
0, 1, 2, . . . 71. Thus the number of any 
medium is the same as that of the surface 
which hounds it on the left or object side, 
and is less by unity than the number of the 
surface forming the boundary on the right or 
image side- This notation is an easy one to 
remember, but several others are commonly 
employed. In some cases even numbers are 
used for surfaces and odd numbers for media, 
in others the converse arrangement is adopted, 
while yet another sys’tem. involves "the 
introduction of half integers. Such variety 
in the notation is apt to lead to mistakes, 
and that here adopted, which is less clumsy 
than most alternatives, will be generally 
followed in the articles of this Dictionary. 

All the quantities required to specify the 
position of a ray or the configuration of the 
refracting system can be di^vided into two 
groups, in the first of which the quantity is 


naturally referable to a particular surface, 
while in the second it is associated with the 
medium. In the former group the quantity 
bears the suffix corresponding to the surface, 
in the latter case the suffix of the medium is 
used. Examples of the former are the co- 
ordinates of the point of refraction at a surface, 
or the angles of incidence and refraction ; 
and of the latter the refractive index, tho axial 
separation of the two hounding surfaces, and 
co-ordinates giving the direction of a ray in 
the medium. 

The refractive index throughout the present 
article will be denoted by /i. The axial 
distance between the vertices of two surfaces 
is denoted by and will for convonionco be 
referred to as the thickness whether this 
.distance is the actual thickness of a Ions or 
the axial separation of neighbouring surfaces 
of two lenses. The distance between the 
centres of curvature of two surfaces may be 
denoted by a, so that if t is regarded as 
essentially positive, and a is positive if the 
centre of curvature of the surface of lower 
suffix is to the left of that which follows, tho 
relation 

• • • ( 1 ) 

will hold in all cases. In trigonometrical 
calculations the formulae present themselves 
most readily in a form suited for logarithmic 
computation when the centre of curvature is 
■taken as a reference point, and the soparatioii 
of successive centres of curvature must bo 
determined from this equation. 

Symbols are required ■to denote the quanti^tios 
by which the position of the ray is do torn lined 
in relation to the refracting suifaecs. Tho 
angle made by the ray with tho axis c.>f syni- 
, metry of the system vdll be denoted by i/' with 
the addition of the suffix of the mccliuni. 
The angles of incidence and refraction at any 
surface will be represented by 0 and 0' 
respectively, with the surface suffix. When 
the ray lies in an axial piano tho ])oint in 
which it meets tho axis, together with will 
fix its position. This point is referred to tho 
centre of curvature of the surface, and conse- 
quently the surface suffix is used. Tho 
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distances from the centre of curvatures 
measured in the light direction, to tho cri>8Hing 
points of an incident and the eorrespondiug 
refracted ray ■will be denoted by -w and v 
respectively 1 ). 
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For £L siagle surface it is eyident that 

sin0=-~sin^ . . (2) 

is the eq[uation from which <f> will he found 
when the position of the incident ray is given. 
<l>' is, of course, determined from the refraction 
relation 

At' sin = /a sin . , - (3) 

and since the distance on the surface of the 
point whore refraction takes place from the 
axis is given by either r{(f>-\p) ot r((p' - rj/'), 
the inclination to tho axis of the refracted 
ray is obtained from the angular relation 

f'=z\p-<p + (f>'. ... ( 4 ) 

The remaining quantity v required to specify 
the position of the refracted ray is derived 
from 


Tor a series of surfaces these formulae, together 
with, one additional relation transferring the 
roforenoo point for the refracted ray to the 
centre of curvature of the succeeding surface, 
take the form 

sin 

A4« sin 

— 1 "" 4- 

__yw sin (l>'m 

Those ociuatiouH arc obviously well suited 
for logarithmic work, and tho only dcttuls 
requiring special attention aro the signs. 
J^’or paraxial rays ^ the same formulae aro 
generally used by trigonometrical workers 
with the sines of the angles replaced by any 
convenient nuiltiplc of tho angles thoinsolvos. 
Where this system is used tabU^s of logarithmic 
sines based on tlui decimal division of tho 
radian are iniudi to be proferrod to those in 
ordinary use. 

Tho cliicf weakness of this system is that 
when a radius bccionuw inlinitoly groat an 
entirely distincit set of formulae must bo 
tisod, and that when jiny mdius is relatively 
largo an incrciaB(» in tlus number of significant 
figures is noccissary to avoid loss of accuracy. 
To obviates this lat.tor <Uf(ioulty special formulae 
for long radii arc frequently introduced. For 
an account of thoso rciforenco may bo made to 
Applied Optic, s, StcinlKul and Voit, translated 
by French. 

^ Lc, rays always closo to tho axis at the time of 
refraction and only sligUtly inclined thereto. 

VOL. IV 


The process of tracing rays trigonometrically 
when they do not he in an axial plane is much 
more troublesome. The system most generally 
used is due to von Seidel, and is discussed in 
the work just mentioned. The formulae may 
be readily verified by refer- 



PIO. 2. 

Tho incident ray PO oncouuters at P a refracting 
sphere of radius r and centre 0. PO' is tho 
refracted ray. Tho plane through (I normal to 
tho axis cuts thoso rays in 0 and O', and tho 
normal to it through P in Q. An arbitrary rofor- 
enoo plane through tlio axis outs <^0 and QO' in 
N and N'. 0, 0, O' axo ooUinoar, and tho line 
dotorminod by them mokes angles \ and with tho 
incident and refracted rays. Denote the lengths 
00 and 00' by I and V respectively. Let f be the 
angle made by tho lines 00' and NN*' which meet at 
C, and let QON, QO'N' make angles B and ■with 
ONN'. Other letters retain tlio meanings already 
applied to thorn in considering a rqy in an axial 
piano. Tho formulae to bo used suppose that ^ 
are given and that tho corrospondmg quantities for 
tho next refraction aro to be found. They aro 

OOH \»"flin \p 008 

r sin sitr X, 

At' sin ^>'-1 sin 0, 

\'«\ 4 0 

I'aJ ^ 

sin X' “ A<-^ riti X'* 

sin \f/' sin -J) sin \f/ sin ^ 

Hill X' sin X 

sin 0^' cori ( •“COS 

Those give Z', 0^'; it is evident tliat ^is unchanged, 

li’or the next inoidonoe introduce the suffix 1, Then 
simple projection givew 

Z, sin {(it - sin (d' - i'), 
k cos (di - cos (d'" j-)- a tan \p% 

which oompletoe the solution on noting that 

dx«d', 

A number of other distinot solutions have boon 
t>volvo(l by various workers, but into those it is 
unnecousary to enter. This oximrplo illustrates 
fairly tho oompk^xity of the best trigonomotrioal 
motliods of tracing skew rays. 

TX 
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§ ( 2 ) Algebraic Methods. — Such methods 
of oaloiilation as hay© just been described, 
essentially trigonometricfiil in character, were 
for a period the only means of obtaining 
results of high accuracy for general optical 
systems. The recent development of machines 
for the mechanical performance of arith- 
metical operations has largely altered the 
prospects, and at the present time calcu- 
lations of this kind can be carried out 
much more expeditiously vrithoub employing 
logarithms at alL The old formulae for 
the most part seem to be still used -with 
the new tools, hut this course is not to 
be recommended, for greater accuracy and 
more valuable information become avail- 
able hy an entire 

change in the basis p = [{1 


Nov since (^, ^, .0 is on the given ray, the 
co-ordinates are of the form 

^=x-‘'Lp 

ri=y-Mp . (7) 

i-rrZ-N/) 

where p is the distance along the ray from the 
surface to the known point in the positive 
direction of travel. The substitution of these 
values in the surface eq[uation gives 

2(a; - Lp) « 4 - y » -i- 2 ® - 2/o(La; -t- My -f- Nz) + p*} R 

as the equation from which p is to be found. 
The solution to be chosen, is that in which p 
tends to zero with y,z: thus 

5 — \ 


of the calculations. 
There is no need 
with the new for- 


H-y*H-g^- 2 zr 

l(i-r)+My -H'iz-f [{bC*- r)-l-My - z® - 2 /“ - + 2zr]^ 



mulae to employ 2a;— (z* + 2 /* + 

a trigonometrical h - (Lz+My -firz)R-h[{L — <Lz4-My + N'z)B.}*-h2zR — (as®-!-!/* 


notation, for tables 


need not he used, though in certain oases 
they may be introduced as am inde- 
pendent check on a series of operations. It 
is convenient to have a separate name for 
these newer methods, and the distinotion 
just noted provides the convenient distinc- 
tive name “algebraic*’ as opposed to 
“ trigonometric ” which describes the older 
methods. 

In developing these algebraic methods it is 
desirable to conform as far as possible with 
the conventions generally adopted in analytical 
geometry of three dimensions, and in some 
branches of mathematical physics. All points 
and hnea will accordingly be referred to a 
right-handed system of orthogonal axes, of 
which the axis of x is assumed to coincide 
with the axis of symmetry of the optical train. 
The light in general travels in the direction 
of X increasing. The co-ordinates of a typical 
point on an incident ray may be denoted by 
{^9 y, z), and those of a point on a refracted 
ray by (a;', y', z'). The direction cosines 
of a ray may be represented by L, M, N. 
The point on a surface at which refraction 
takes place may be represented by (|, rj, t)- 
It is convenient to introduce R, equal to 1 /r, 
to represent the curvature of the refractog 
surface. Consider for the moment a system 
consisting of a single surface. The general 
problem awaiting solution is the determination 
of a set of six quantities (z', y', z', L', M', N') 
for the refracted ray when any set (r, y, z, 
L, M, N") has been given for the incident 
ray. The origin may conveniently he chosen 
as the intersection of the axis with the refract- 
ing surface, so that the equation to the surface 
is 


the last form being always determinate. 
The point where refraction takes place is thus 
known. It is next necessary to find the 
direction of the refracted ray. To obtain 
this in a suitable form for algebraic caloulation 
consider the triangle PUV (Fig, 3), where P is 
the point of refraction and PF and PV lie 


U 



Fig. 3. 

along the incident and refracted rays. If those 
lengths in some convenient unit are made 
proportional to the refractive indices, the law 
of refraction shows that UV will bo parallol 
to PC the normal to the surface at P. Pro- 
jecting the triangle PVU on the axes of co- 
ordinates in turn, and noting that the direction 
cosines of PC, and therefore also of FV, are 
1 — — 77 R, - fR, 

Ai'L'-FY(l-^R)- |LcL = 0, 

mIM'-FV (-^R)-yuM = 0, 

m'N'-FV (- 1 -R)-mN = 0 , 

or since UV =^fM' cos cos 0 , 

the refraction equations take the form 

IjfXJ -fxJj fj!W 

1-^R -97R "-rR 

= 1 / cos <p' — fX OOH f/>. (9) 




. ( 6 ) 
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This equation requires 0 and to have been 
previously doterminod. The equations for 
these are 


and 


cos^=L-(L^+M7;4-Nf)R . (10) 

At' sin 0'= /I sin 0. . . (3) 


Finally the co-ordinates of any point on the 
refracted ray are of the form 


“L' “ M' ” JN' 


( 11 ) 


where p' is the distance of the point selected 
from the place of refraction. 

Although the equations as they stand 
provide a complete solution of the problem, 
they are not in the best form for numerical 
calculation since an unnecessary amount of 
work is involved. From (10) and (7) 

cos </>=L-(La: + Mi/ + N 2 -p)R 

= [ {L - (La; -i- My -i- Nz)®*} » + 2ajR 

( 12 ) 

by (8), a result more directly obtainable 
from a figure in the form 

sin* 0 = ( 1 - a;R)“ 4* (y * + s*)I^* 

- {L - {Lx + My + ]Sr«)R} ». (13) 

The use of this equation and the square of 
(3) enables the last of the equal quantities^ of 
(9) to bo calculated on the machine by extract- 
ing two square roots. Of those, that represent- 
ing cos <p is the square root which appears 
in the final form in equations (8). The 
complete solution thus depends upon those 
two square roots and direct multiplication. 

Wlion a sericH of surfaces with their centres of 
oxirvuturc on tlic axis of x arc Hubstitutod for the 
single surface, the values of 97, ^ for one surface 
may be taken as the x, y, 3, with a correction t for 
the X co-ordinate, for the next surfaco. It is thus 
only neccissary to repeat the process deweribod for 
each surface in turn. The problem may, however, 
1)0 much simplified by noting that no attention need 
bo paid to the ij and z eo-ordinates. Suppose that m 
denotes a typical member of a train of ref ranting 
surfaces numbered from 1 to w. Denote by Kn» the 
quantity 

{/Jin 008 • (W) 

and lot Tm be th(’) lei\gth of the ray intercepted between 
surfaces m and 7 a -I- 1. Assume for the moment that 
all the r’s and K’s are known. The y and z equations 
in (0) and (11) take the form 

A*T7»M»7j 

/Wt» 

and 

fra 1 1 ‘ 


I • m 


from wliich it is evident that linear relations connect 
any three of the four members of the groups 

/^oMo, 971, /UnMn, r/n, 

/^oNo, ^1, tn. 

the coefficients being linear functions of the various 
K’s and r’s. The forms of these coefficients may 
easily be found by induction. Construct the 
quantities 

0K,,n 0*K,,n 

aK, ’ 0Kn ’ aK^aKn 


from the equations 


aKi,m 

aKm 


a°Ki,»w 

IkT” 0k;. ■^^”‘ 0k.0k„ 

0Ki,m 0Ki.m- . 

tlKm 


“Kjjtn-x 


dKw^-i P'tn-i 

a»K,„„_, aKx,«-i 

0Kx 

by putting m in turn equal to 1, 2 . . . 
initial values are 

aKx.t , S-Kx. 


K,o-0, 


- 0 . 


(16) 

The 

(17) 


Since the equations are linear the quantities thus 
defined by separate symbols justify the differential 
form solootod, which indicates how the four quantities 
to which the equations load arc related to one another. 
It is important to note that the four arc not in- 
dependent in value. For, on combining die first and 
third of the equations, 

and similarly from the second and fourth 


' aicT 


( 1 —Ziatzi 



0K, 


+K»n 


aKxaK,n-V 


and tlioreforo on simplification 


l»rn __ -rr 

dK, ■ aK^ “’‘^*’’”aK;aKm 

ai^u w-i a-Kjjijx-i -- a^Ki tm-i , 
” 'aKx ' 


and is therefore indopondeut of the value of m. 
On putting 7n«l the loft side reduces at once to 
unity and thus the relation 


aKi,n aKun IT a^i,n | 

^K^ ■ aiC" 


. (18) 


connects the four quantities. 

llotuming now to equations (15), say the first pair, 
assume that for some value of m it bos been shown 


that 






0*Ki,i 




0K 


0K,,, 


and 


, . ( 10 ) 
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both of •which are evidently true for From the 

second of equations (15) 


r’m-fi 


= — /ioMo ; 


Tm 3Ki, 


^ 

dK.dKm dK, 

( dK,, 

I 0K 


f} 




m 




. , „ 9Ki,«+, 


by (16). Hence also 


K-^wi-jn = K.^m4-i,n +• Ki 

dK'rn 

dKr, 


0KV 

* 0K« 




3Ki»+i 


Pm 


■F.^w»4-i,n 


9KV»^3KWi,n a‘K 




m,n 


'dK^ditn 
'^m 0K' 


. (20) 


It follows exactly as before, that 


0K',,„ 0K'.,„ 0*K'.,„_, 

~wr' 3K„ ■ “-'’"oKiaKn 


■ ( 21 ) 


=« /4oMo — 0*^^^ •“ ’Z «i+i 

by the same equations, thus verifying the aocuifiioy 
of the forms assumed in (19). Evidently another 
relation of the same form holtis if N and ^ are sub- 
stituted for M and rj respectively. The calculation 
of the four quantities thus defined therefore serves 
to determine the direotiou of the emergent ray, 
since two direotion cosines are found, and the position 
of the point in which the ray meets the last surface, 
since this is known from two of the co-ordinates. 
The ray is thus completely determined. 

Before considering how the K’s and t*8 are to be 
found, it is desirable to note the symmetrical char- 
acter of the K’s found from formula (16). If the ray 
already considered were retraced through the system 
in the reverse direction the individual K’s and t’s 
would be unaltered. This is evident as regards 
the latter, since they represent lengths which are 
essentially positive As regards the former the first 
factor changes sign since the various refracting media 
are encormtered in the reverse order ; this change of 
sign is compensated by a change in the sign of the 
ourvature, for the surface which was before convex 
to the incident light is now concave, and vice versa. 
The individual powers, like the iudividual t’s, thus 
remain unchanged. It follows that the various 
quantities to be derived on retracing the path of the 
ray will be identical with those already obtaiued if 
Kin is symmetrically composed of the component 
K’s and t’s with respect to the two ends. When n 
is small it is easy to see that this is the case For 
instance, if n=2, 

Pl 

and if w=3, 

a “Ki+Kg +Ks- -pKiK,— -f-^^KjK, 

— KjEsK, 
IM 

when written out in full To show it in general 
construct the quantities 

dK\,n 

aKi * dKn ’ SKiaKa 
by repeated application of 




as may indeed be inferred by analogy on noting that 
the M’s and H’s are changed in sign with the reversal 
of the ray, while the t/’s and ^’s are unaltered. Now 
eliminate Tjn from (22) ; thus 




by (21) ; similarly on eliininating Mn 


-uM 

0En 


■■'Tin, 


with smilar relations between the iNTs and ^s. 
Comparison of these relations with (19) shows that 
Ki,tt and K',,,i are identical. 

It still remains to find the individual K’s 
and T*s so that four co-ordinates sufficient to 
determine the final ray can be found from 
(19) and the corresponding equations with N 
and f substituted for M and 77 . Formulae for 
this purpose may he arranged in many different 
forms, each of wliich. has its own special 
advantage. In general the simplest forms for 
the purposes of numerical work are open to 
the objection that they assume indeterminate 
forms for flat surfaces and cause loss of 
accuracy for surfaces of slight curvature. 
On the other hand, forms may readily be found 
of universal applicability which involve no 
loss of accuracy, but they require a slight 
extension in the number of operations at each 
surface. 

It is not possible in the space available for tliifl 
article to discuss thoroughly any of these forniH, 
but since accuracy is usually more important than 
brevity one of the many possible airangemonts of 
the second class may be noted. Let the square 
of the distance of the point of refraction from the 
vertex of the surface ho deuotod by 2^, and tli<} 
lengths intercepted on tho incident and rofraotcKl 
rays between the feet of perpendiculars to them from 
the vertex and the point of refraction be respectively 
p and p'. X. invariant on refraction, and by (6) 

HxR, 
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and therefore from (9) ^ and 5 >' are connocted by the 
relation 


. . . (23) 


in the positive direction from the surfaces 
be denoted by p and p\ so that their co- 
ordinates satisfy 


while the inclination of the ray to the axis after 
refraction takes the form 

L'=cos . . . (24) 

It is at onco evident that to complete the system for 
tracing rays it is only nooosaary to derive oq.nations 
giving the values of x, p, and oos </> for the next 
surface. Equation (12) gives 

sin" {!'»»( 

“ p' (25) 
a result easily derived directly from a figure. Since 


y = ?;i 4- Mo/o, y' = 4- 

25 = ^1 4-110^, 2 !^ = r«4-Nn/o', 


and therefore by (19) 



v/Xo 


p' TT P ^^i>n 
3Kn 


,p' 9Ki,n 


0*Kx,n_-\ 

DK.aKn/ 


every term in the equation is always finite, and 
cos 0m+i, cos aod are derived in the 

usual way after the extraction of two square roots. 
Trom equation (8) the value of is found — 

^to( 2 4~^yn^wi+i ) 2x»n fl?OTRTnK.w t 4i 
L«i(l4-^mhtml-i)~‘P^»ni^m4i 4 COS (pm+i 

and other obvious relations are 

• • (27) 

X»n+](2-l-i»nR«»+i)»“X»»(^ ■" i'Tfnipn<^i +jp^«i)- 

(28) 

§ (3) Adva.itta.ghs of the Method. — The 
■whole process, though quite straightforward, 
is somewhat tedious, but experience shows 
that in this respect it is in no ■way inferior 
to the logajithmio method generally used in 
the past, for the roforonoes to tables -which 
that system involves, and which take up a 
large part of the t(^tal time, are completely 
avoided. The advantages of the algebraic 
method do not, ho-wovor, end hero, for the 
results not only give the point of intersection 
of the emergent ray with tho assumed imago 
surface, but it is seen at onco whether the 
whole of tho imago in the neighbourhood of 
tho point to -which tho rays relate is free from 
defects. In tho most usual case both object 
and image surfaces are required to be planes 
normal to the axis. If aberrations are absent 
in the imago of tho point from which tho rays 
considered have been traced, tho condition 
for freedom in tho neighbouring portion of 
tho imago piano is that tho values of Ki,„ 
for all these rays shall bo identical. Purther 
important information is dorivablo from the 
way in which tho value of depends 

upon tho position of the object point from 
which the ray has been traced. 

The signifioanco of and the derived 
quantities is made clear by considering tho 
co-ordinates of points bn the ray in the 
object and image spaces at selected distances 
(measured along tlio ray) from tho first and 
last surfaces. Let these distances measured 




(29) 

by (18). A similar relation holds if z and N 
are substituted for y and M. Now considera- 
tions of symmetry show that we should expect 
to find the image point in the same axial 
plane as the object point, or 


y z 


=G, say. 


K the image is plane and free from aberrations 
O' is obviously its linear magnification com- 
pared with the object, and will be positive if 
tho image is upright, negative if the image is 
inverted Without assuming that aberra'tions 
are absent we may conveniently regard G 
as a magnifioation associated for a given 
object point -with this particular ray. 

§ (4) Co^WTOATB Points.— Equation (29) 
shows that if by conjugate points we mean a 
pair of points on tho ray, one in the object 
space and one in the imago space, which lie 
in tho same axial plane, their distances from 
tho end surfaces are connected by the relation 


P P rr 
— . ■— XV.i,n ■” 
M'O Pn * 


p , 


p' BK,i,n n 

jUfi 0Ki DKi&Kn 

(30) 


and that in terms of tho magnifioation G, 


Pxr „ 

aKx^ 

■&K« 


—1^1, ft — "iri 

P'n ^ 


_1 

Q 

-a 


. (31) 


particular instances of these results of great 
importance in the theory of optical instruments 
aro that tho imago of the first surface of the 
instrument is within the image space at a 
distance 


^0Zl3K„/ 


9K.,„ 


IkT 


from tho last surface, and that lor light 
travelling in. the reverse direction the image 
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of the 72-th surface ia in the first medium £it a 
distance 

/ 0KI],n 

^•0K,0K,/lICr 

from the first surface. Again, if the ray 
traced is a member of a pencil which is refracted 
telescopically, so that K,,„=0, the magnifica- 
tion is independent of the distance of the 
object if this is finite, and is equal to 
orl/(0Ki,J3K,). It is important, however, to 
note from (30) that the fact of a system being 
telescopic does not mean that the image of 
an object at a finite distance is not itself 
at a finite distance. On the contrary, the 
pecuHaiity of the telescope is that it is only 
objects which are themselves at infinity 
which have an image at an infinite distance 
from the instrument. 

Conjugate points have so far been defined 
as the points in. which a skew ray meets an 
aaial plane. It is important to extend the 
definition in sncb a way as to have a definite 
meaning when the ray lies entirely in a plane. 
Equation (30) would serve as a basis for this 
purpose, for this equation remains determinate 
whether the ray lies in a plane ox not. An 
alternative defij^tion of importance which is 
consistent with this is obtained by eliminating 
and from (31) by means 

of (19) and (22). Thus 

jCioMo — ,« = y''K.i,n ] 

jltoNo GyOftNn =GteEi,n = 

or eliminating Gr, 

XT /oo\ 

z' 

If a ray lies very nearly in an axial plane, say 
the plane z=0, all the N’s and ^s will be small 
quantities of the first order, and K will differ 
from, the value for a ray actually in this plane 
by a second order quantity. It follows that 
the conjugate points for a ray in a plane 
are the points of intersection of the ray with 
the focal line which lies in the axial plane when 
the image is not free from aberration. 

§ (6) Pa-baxial Kays and CoLLicriiAB 
Images. — ^An example of the first importance 
of the application of the above formulae is for 
rays which meet each surface near its vertex 
and which always mah© small angles with the 
axis. In such cases, if second order quantities 
are neglected, every cos and cos <f>' may be 
replaced by unity and every r reduces to i, the 
axial thickness. It is convenient to denote the 
special value of the K in this instance by ir, 
so that 

• • (34) 

and the four fundamental Gaussian constants 
of the system are derived by applying equations 
modelled on (16) or (20). The quantity 


is called the power of the system, and its 
simplest interpretation is expressed in terms 
of the change of curvature an incident 
paraxial wave front undergoes on traversing 
the system. 

Since is invariable for all paraxial rays, 
whether skew or plane, it follows that the 
image of any plane object normal to the 
axis formed by such rays itself lies in a piano 
normal to the axis, and since all these rays 
enter and leave the system at points indistin- 
guishable from points in the tangent planes to 
the first and last surfaces at their vertices, 
there will be no aberrations in the images 
formed by the rays, and the imago will be 
identical with that which would result from 
ooUinear theories of imagery. This result, 
however, cannot in general hold for non- 
paraxdal rays. !For suppose there is no aberra- 
tion over the whole plane image of a piano 
object when the magnification is G. 33y 
analogy with (31) the object and image planes 
for paraxial rays for magnification G' will bo 
displaced along the axis by 




and jUn 


g-G^ 

^i,n 


from those for magnification G. It at once 
follows from (31) that if L„ and are the 
cosines of the inclination of the ray to the axis 
before and after refraction the magnification 
for the point in which this general ray moots 
the new object plane is G", where 

(^“g) k;,; = (g^ ~ g) L'i;;/ 

and its conjugate point is not in tho now 
image plane for paraxial rays, but at a poi’pon- 
dicular distance from it equal to 

)Ut»(Q - GQ {Q( L nyi,Tt - 1^1, r») -hG (LoK'ijW — Ki,n)} 
ACx,n{GK,,„+G'(W-,,n-K;,„)} ‘ 

The conjugate point will therefore only coincide 
with the collinear image point if 

l,=L„=^, . . . (35) 

a relation which cannot hold for wide ponoils 
of rays. It follows that collinear imagery 
in general is impossible, but that whore an 
approach to it is of importance, as in pboto- 
grapbio objectives, the most satisfactory rostilts 
will be obtained by so arranging the stops tlint 
rays shall, as far as possible, lie after reffraotion 
parallel to their incident directions, or, in other 
words, the centres of tho stops should lie close 
to the nodal points. 

The impossibility of collinear imajrory is 
seen more readily from (31) if tho result given 
earlier but not yet proved is assumed, that 
K,,,j must have a constant value for rays 
passing through any given point of tho aberra- 
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tioiiless plane image. Those equations at 
once show that tlio conjugate points for some 
other value of the magnification lie on the 
surfaces of spherical shells mth the points 
in this plane as centres. The confused 
character of the image elsewhere is at once 
apparent on considering the aggregate of these 
surfaces. Evidently the more unequal the 
inclinations of the rays to the axis before and 
after refraction the more complete is the 
confusion out of the proper image plane for 
which the system is corrected, and hence 
follows tlio supremo importance of exact 
focussing with microscope objectives of large 
aumerical aperture. 

§ (6) Principles oe Ima.gb Correction. — 
Equations (31) and (35) show that it is to 
be expected that while agreeing in sign 
with should be numerically smaller in the 
case of all rays concerned with images in the 
outer parts of the field of view. On the other 
hand, for a single surface at which the devia- 
tion is 5 equations (9) give 



- 2ja/a'(l — cos 5) 

^+-(7-7F~’ 


SO that at every surface K tends to bo greater 
than K, which is its mininauni value in refrac- 
tion. This natural tendency to had correction 
is accentuated where r tends to bo smaller 
than t, as in a simple converging Ions. It 
can evidently ho corrected in two ways : 
either there must bo in the system some 
surfaces having powers differing in sign from 
that of the complete system, and at which the 
inoidonoe of the marginal and oblique rays 
tends to bo greater than in the case of surfaces 
of like power to that of the entire system, or, 
alternatively, the system may be constructed 
of soparato<l lenses so arranged that the t’s 
for the marginal and oblique rays exceed the 
corresponding i’s to an extent which more 
than cjornpcnsatos for the increased values of 
the IC’s due to the oblique incidence. As a 
rule whore the i)rinoix)lo of separation is 
em]>loyod the altemativo principle is intro- 
duced as well. Those two principles will 
X)rovide a key to the design of many optical 
systoms. 

§ (7) Thin Lenses. — I t will not ho possible 
hero to attempt any detailed disotission of the 
general problem of lens design, but on account 
<.)f its importance in physical instruments 
some flonsiclo ration will bo given to the theory 
of thin ’’ lenses and the application of the 
results to lenses which it is possible to construct 
and which may bo called close ” lenses, from 
the consideration that while their thicknesses 
arc not negligible, yet they are kept as small as 
the attainment of the required aperture and 
power will allow, some margin being allowed 
in addition to secure the minimum substance 
necessary both for strength in use and for the 


rigidity in working on which the attainment of 
surfaces of good figure doi3ends. 

Consider, in the first place, a single lens of 
material of refractive index fx immersed in 
air. Suppose that the axial thickness is 
small, though not necessarily zero. The 
curvatures of the surfaces are Rj and Rg* 
For convenience write ur for l//x. Then if p 
and p' are the distances from the two surfaces 
of the conjugate points for which G = l> 
equations (31) give 

pKi,a = rrrrKa, = - thtKi, 


and similar formulae apply to paraxial rays 
with K and t substituted for K and r. If r 
is not large, and the inclination of the ray to 
the axis is small, the distance of the ray from 
the axis will be approximately equal at the 
intersections with the surfaces of the lens 
and at the unit points as defined above. 
Denote the square of this distance by 2x- 
Then these points will lie on spheres of curva- 
tures a and o-' through the axial unit points, 
where 


_ . UTTKa 'G^tKa , 

rr— = — +X<r. 


and 


T. cJrKi TstKi , , 

xlt'.-- ^ = - — +X(r'; 

Jxi,# Ki,a 


also x^i + V -f xBa, 


and therefore, neglecting to this approximation 
the differences between the N’s and k^b as 
well as the squares of ^ and r, 

— (Rj — Ra)( 1 

= .... (35) 

if the thickness is neglected. 

The unit surfaces therefore cannot both be 
planes in a thin lens. It should be noted 
that their relative curvature has the opposite 
sign to that of wave surfaces refracted par- 
axially, for the curvature of the refracted 
wave exceeds that of the incident wave by 
Thus tho statement sometimes made 
that a wave front, which at some instant 
coincides with some object surface will at 
a<')me subsequent instant after refraction 
coincide with the corresponding image surface 
is ineorreot. On the simplest general grounds, 
the idea that the time taken to form the image' 
of, say, a plane surface is independent of the 
part of the image considered is evidently 
without foundation. 

From (31) it is easily seen that if the suffixes 
1 and 2 are used to denote two different pairs 
of conjugate points on a ray 

It follows that the magnification in the 
immediate ' neighbourhood of those surfaces 
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is unity in aU directions, and that the curvature 
of any object near the first surface exceeds 
that of the image by the constant amount 

It remains to be seen how the exact value 
of the curvatures of these unit surfaces depends 
on the shape of the lens itself. From sym- 
metry the curvatures will become equal and 
opposite in sign when the same is true of the 
refracting surfaces of the lens. On adding 
and simplifying, the equations giving tr and 
lead to 

cr + <7' = (Ri +Ita)(l + 

so that the increment of the curvature of each 
surface of the lens by a given amount increases 
the curvature of each unit surface by (1 + 
times that amount. If the lens is thin and 
the curvature of each surface exceeds that of 
the equiconvex form by the curvatures 
of the unit surfaces are 

■(iTcr-fS(l + CT)}/Ci,a and { -■Jct + S(1 +ra‘)}iCi,a 

respectively. These results can be readily 
derived from the consideration of a positive 
lens of small thickness the surfaces of which 
intersect when the aperture rs small, if it is 
assumed that unit surfaces exist, that they 
are spherical and pass through the axial unit 
points and the circle in which the lens surfaces 
meet. It is evident from (31) and (32) that 
the shape of the unit surfaces, and hence the 
shape of the lens, affords means of altering 
the relation between Mq and Mg or Nq and N 2 
while maintaining a constant value for the 
paraxial power. 

The conclusion that the unit surfaces are 
not planes prompts the inquiry whether a 
similar conclusion is true for images remote 
from the lens. The investigation is made 
most simply by considering a lens of zero 
thickness, and regarding the rays which are 
refracted at the common vertex of the 
surfaces. At the first surface 

cos 0 i = 1-J(MoSH-No®), 

cos + ^ 0 *) approximately, 

and therefore 

Similarly at the second surface 

but since refraction is at this point through a 
thin parallel film M 2 = ]\Io, ^2 = ^ 0 . Thus for 
the lens as a whole 

K„. = k„{i+|(Mo>4No>)+ . . (37) 


and for magnification Cr the object surface in 
the neighbourhood of the axis is a sphere of 
curvature 

(1 +w)/fi,a 

I-I/GT’ 

and the image surface a sphere of curvature 
(1 -h cy)ffi,a 

1-a * 

The curvature of the object surface thus 
exceeds that of the image surface by tho 
constant amount 

(1 +Z3T)vi,a, 

a result which it is easy to extend to tho 
image of any spherical object since (30) takes 
the form 

-,-i=K. . . . (38) 

P P 

It will be borne in mind that in this discussion 
we have interpreted the “ image ” as tho 
intersection of the ray with the fooal lino 
contained in an axial plane. It will bo 
necessary later to consider the surfaces in 
which the focal hne normal to an axial piano 
meets the ray, and the corresponding results 
will be found to differ from those derived 
above only in the numerical ooefldcients to bo 
assigned to the characteristic terms. 

It is desirable to extend these results to a Hyniciu 
consisting of any number of thin lenses in oont.act 
with one another on tho axis. For an oblitpio ray 
refracted through the system at the common vi'rt.ex 
equations such as (37) and (38) apply to oat^h 
individual lens, and since tho K’s arc (Urecit.ly 
additive tho above results may bo at once applitnl 
to the complete system by substituting 

i,n 

for the special case with n-2, Trr,,„ being dolinc'd l>y 

. m 

where the summation includes each thin Ions of the 
system. 

The results first established relating to the shafKH 
of the unit surfaces may now bo oxtonded. It is 
not permissible, without further examination, to 
that tho CT appearing in the expressions for th(' 
curvatures of those surfaces in tho ease a single 
lens may be generalised for a group of louses aec^ording 
to the law oxproasod by (30). Tho axial thickru'SH 
win be taken as zero, and the values of tluv r’s ft»r n 
non-paraxial ray sufficiently small for tho prodm’t 
of any two or more r’s to be negligible, d'ho assunq)- 
tion that we are treating rays which iravc'rse the 
system approximately at a constant disianoit froTU 
the axis gives 

l^m)* 

and if the external media aro of unit refraotivo Index 
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To tho approximation hore required 


dKun 

0K, 


= 1 — 


01^1, n 

■0Kn 


= 1 — 


and therefore 

cr = Ri+ — I^m)^m+i,n 

KlfTl 

SlTTwiCI^m f-i ~ 


(40) 


where the summations extend over tho internal 
media> i.e. from w*“l to w=? 2 i— 1. Considering 
first the curvature difiorcnco 


generalised results (41), (42) from those for the single 
lens in their general form by so bending tho system 
as a whole that tho corresponding unit surfaces of 
the components have the sumo curvature while the 
required difference of curvature in the boundaries of 
the air lens is maintained. 

It would be quite possible to take as tho standard 
form for reference in this compound system that 
configuration in which tho curvatures of the unit 
surfaces are equal and opposite, but it is found more 
convenient to adopt the form determined by the 
condition 

. . . (46) 

for reasons which will shortly be apparent. In the 
lens combinations found in actual instruments the 
values of jS determined by this condition are invariably 
small. 


(T - 0-' « Ri - Rn + ScT,n(Rm4.i - Rn») 
n 
1 

n 

1 

..... (41) 

by (39) since wo are regarding, as wo may do without 
any loss of generality, that every alternate medium 
is that in which tho whole system of thin lenses is 
immersed, and thus has its m equal to unity. 

By addition (40) gives 

O' -1-Rn 

SuTn»(Rm 1-1 — Rm)(^i,tn " J,n)* 

f^i,n 

It is convenient to group together tho curvatures in 
pairs, taking together tMieh odd m with tho next 
higher oven integer. Kach ttt of oven suflix is unity. 
The equation then reduces immediately to 

(o'+crO/Cijn'”— (Rm l Rm-|'i)^'»»,m l-i(l 'i' ^m) 

whore tlio summation is taken for all tho individual 
lenses, m having all odd values from 1 to rt-l 
inclusive. Since cr and j' have tho dimensions of a 
curvature, wo may write 

(r + (7^-/3/c,.n, .... (42) 

whore j3 is a pure number, and if wo take S»n as tho 
deformation of the typical lens from its symmetrical 
form wo find, with a slight alteration in tho notation, 

+ S77T»n/ftn(^Ci,m“ /fm,n)> (43) 

whore now Km is the power of a complete component 
lens, and not of a single surface. 

If tho curvature of every surface in the system is 
increased by tho same amount S/Cj^n, it is evident that 
jS is increased by 

2S(l + uT,,n). ... (44) 

a result in complete nooordanoo with that found for 
a single lens. It is not diifioalt to establish tho 


The fact that the curvatures of tho unit 
surfaces have been found in a form which 
only involves the powers for paraxial rayia 
shows that tho results obtained apply for all 
rays, whether skew or otherwise, which 
satisfy the assumptions made in this investiga- 
tion. In particular no distinction need be 
drawn between the two focal lines, the results 
thus differing markedly from those which hold 
for tho images of objects at some distance 
from the lens. The unit surfaces in the 
neighbourhood of the axis of a thin lens 
are entirely free from astigmatism, and 
indeed it is this fact which makes the pres- 
ence of astigmatism elsewhere unavoidable. 
It appears nooossary for astigmatism to be 
present throughout the field of such systems 
as are of practical importance, with the 
possible exception of limited regions, and to 
obtain freedom from astigmatism where it 
is roqtuirod, as in photographic lenses, it is 
nooossary to introduce it in the neighbourhood 
of the lenses thomsolvos. It is for this reason 
that in systems where tho correction of astig- 
matism is desired a number of lenses well 
separated from ono another are employed. 
Such systems tend to bo tho reverse of compact, 
and much sldll is called for in combining to as 
great an extent as is possible the contradiotor 3 ' 
requirements of a compact lens and a field 
corrected for astigmatism. 

§ (8) Thin Lbkses— D jcTA-n^niD Consibsiea- 
TiON. — Having now located tho unit surfaces 
for any thin system it is next nooossary to 
consider how varies not merely with the 
obliquity of tho ray but also with the distance 
of its point of incidence from the axis. Ap- 
proximate values of the r*s are known, and it 
has been shown that the difference between 
tho K for any surface and tho corresponding 
K depends upon 1 - oos 6, where 3 is the devia- 
tion at this surface. It is important that all 
the now terms should be expressed in terms 
of the external independent variables, and 
equations (19) and (22) will first be trans- 
formed to express the direction and position 
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of the ray at an intemediat© stage of its 
passage through the system in terms of its 
initial and final co-ordinates. Let 7 and ^ 
■without any suffix indicate the co-ordinates 
derived from (31) hy putting Q-=l. Then 7 
and f may relate at will to either the object 
or the image space. Equations (32) give 

Equations of the form of (19) and (22) pro- 
vide independent sets of equations for any of 
the intermediate quantities, and on simplify- 
ing hy using -well-known relations “there result 
the relations 

with similar equations for and 

Por the special case of a thin system it is con- 
venient to rearrange these equations, substituting 
/c’s for K’s in the form 

==/ioMo -hMflMn - 7(^1 , to “ /fTO+i,n), 

so that 

+MM,) 

4 B«»(>a^-h/4«_i)}] 

and -therefore 

B«is=»/C,a +g^ ^ — [(A^^o 4/inM!n)®+(/XoNo 4A«.l^f»)® 
-2 -{(yUoMo -^/inM:„)9;4-(yUo3S■o +ACnN,i)i'} 

4(7® {/^ijTO •“ ^m,n “ Rm(^TO +A^»»-x)} *]. 


Now introduce the conditions that the external 
media are of unit refractive index, and suppose also 
that the same is true of the media and 
Then after alight simplifioatiou 

Km -fKn»_|.x = Km,m +1 

4ft- {(Mo -1-M:„)*-1-(N» 

H-i{(MoH-M:„)7,-H(No +N„)5^} •|(Em4Rm40(l 4 

4ft(7*4f*){4E»t®Xfli 44ROT*4.iXffl+i 

— 2(Roi, 4Bi»n4-0(/fi,ttt-i - /f?n42,n)(l 4tr»»)/Cm,TO-|-i 
42(Roj — R^4 .i)(1 +®»n)K‘TO/ft7H-i 

4(/Ci ,TO-i “ ^TO+s,n)*®^jn/f»7i,TO+a 

4Ur,jl(K'7rt*-|- Xj7i®4i)/f7n,77H-l}' . 

The simplification of the last term will not yield the 
correct coefficient for on summing up for 

the component lenses, for K|.^„ is less than SK^ 
hy the amount 



and the terms hi this sum w-hioli involve Hw» ‘Wid 
Rw»4i are 

ft-(^ * 4 i^)[R TO- i/fm, » 

-!-(Rwi4i — R7n)®'TO^i;TO«^TO-l-i,n “ Bn2+.iK’i,7ji4-i/ir#n4-a,ti] 

'=J( 7®4 i'“)[CBTO B»i 4 i)( 1 — nTtn)/c-i®,« 

- RfliC^l, »»-!■" ^TO,?l)® 

- (Ro» 4 i- Rm)®'TO(^i,TO“ /^'Tn-f-im)® 
4R'm-l-i(^i,TO4i ^tn48,n)*J 

‘=ft(7*4r*)[trm{K-i®,n“(/fi,OT-i “ A'OT42,n)®l- 

-i-2(R7}i-('R»»4i)(l -f*®rTO)(/^i,TO-i ■“ 

“ (Bt»” RTO4-i)A'»n,»n4i 

-|-(1- 0'TO)(JRn»4RTO4.i)®]/ft»,»»|-i* 

On taking these terms into account, it is found that 
Ki,n =/fa,n + ft {(M© -f -f(No 4Nn)®} 

ft {(Mo H-]Mn )7 4(No +Nn)r}iS/f i»,«. 

+ ft(^*4m“®i,«-lKiU . ‘ (4S) 

where, siace 

=S/c«j* 43 S(«:i,tn"" l^m,n) *^w, 
i-S-[^j^) *44(1-|-2 oi„)S„V„« 

- 8(1 ■f-®’TO)STO^m(^i 

-t-(3 -I- 2rSm){Ki,m ■" /fTO,n)* j-Zffn, (^9) 

and each k now relates to a separate thin lens. 

When the o-urvature of every surface in 
the system is increased by the same amount 
remains constant, and the change 
in js has already been considered. Tho incroaso 
in 7^1*, n is. ft^y (49), 

4:S^/fi®j»>S(l -H 2ur7)t)/Cn» 

48S/Ci,nS{(l 4 2TIJ-9»)Sin'f»»* 

(1 4 ®'t»)('fi,w» Kmfn)^m} 
or 

4(1 ■¥ 2 uX„n)S*K^\r, + - i: 8 m/C«.®)S/r,,n, 

and the meaning of the selection t)f condition 
(45) for the determination of tlio standard 
form is that “we are choosing tho c<)n(igurati(»n 
for which 7 is a mininiuni. Any general 
ourvat-ure change from this form iiltom fi 
according to a linear and 7 according to a 
parabolic la-w. 

It is easy to discover a moaning for tho now 
quantity 7. Consider a beam of light arising 
from a point on the axis placed to give an 
inverted image of a small transverse objcKJt 
equal to the object itself for jiaraxial rays. 
To the approximation hero required the re- 
fracted ray lies in the direction dotorminod by 
Mo H- M,, = No 4N„ = 0. Lot A {Mg. 4) b(^ tho 
object point, B its paraxial imago, an<l IV tho 
point in which a non-paraxial ray moots tho 
axis. Let this ray meet tho unit surfacoH 
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whose vertices are at C, C' in the points P, P' 
and the spheres through C and 0' with centres 





Vo 1 



A 



B 


-5S/C <r d 




Fig. 4. 


A and B in Q and Q'. Then Q, P, P', Q' lie 
on spheres of curvatures 

so that 

QP=i(i^i,n + <3‘)('>7* + r*)» 

and 

AP + P'B (2//f,,n) + QP^(2//c,,n) -H P'Q' 

= 'fi,n - i,n + <r - 0’0/Cl*, »(97* + f *) 

= Kji,n”i(l +ra‘i,«)/fi®,n(i7* + i^) by (41); 
or, on comparison with (48), 

- J^= Uv' + r)yx,’,n, 

showing that 7 is a numerical measure of the 
spherical aberration for the magnification - 1. 
When 7 is positive the axial intersection 
point B' is displaced towards the lens from 
the paraxial position B, and the aberration is 
conventionally described as positive or under- 
corrected. 

If y=0 the axial aberration is removed for 
this imago point, and K falls as the aperture 
increases. The apparent contradiction between 
this result and that given in § (2), to the 
effect that K should bo constant for all rays 
from a given object point, is duo to the im- 
possibility with a thin lens system of achiev- 
ing an aborrationloss plane image of a plane 
object. 

Since the variation of the power and the 
shapes of the unit surfaces have been expressed 
in terms of throe quantities — w, /3, 7 — those 
siiffioe to determine com]dotely to this order 
of accuracy the properties of the system for all 
object positions. The calculation of any thin 
system therefore resolves itself into the problem 
of securing for these quantities arbitrarily 
assigned values, and it is important to know 
what values must bo adopted to attain the 
effects required. A slight generalisation of the 
investigation into the meaning of 7 will suffice 
for this purpose. If the object and imago sur- 
faces for magnification G are considered, and it 
is assumed that these have uniform curvatures 
5 and fi', the length of the ray between the 
unit surface at f and the object at 

+ 2 /' a being/) 


and the corresponding image length between 
V. t and (l-a)//c + i(2/'a+«'V, 
z* being it is readily seen that 

?' 9 ^ 

+ .(1 +G + G*)} (V +r) 

-2/c(l +G)(7?!/'-l-f30 
Also from (32) and (46) 

with a similar equation for the N’s, and the 
substitution of these values in (48), on replacing 
the K’a hy their approximate k values, yields 

The relation (38) then gives, as the necessary 
conditions for an extended object-image rela- 
tion between the spherical object and image 
the spherical aberration condition, 

^-4^r^ + (3+2®)(i^)‘=0, (60) 

a second condition, which will subsequently 
bo identified with the sine condition, 

|5-(2 + ®)^=0 • • (61) 

and the curvature relation 

s — s'— ( 1 -l-c7)/c=0. . . (62) 

The discrepancy between (41) and (62) should 
bo particularly noted. The explanation is 
evident if it is noted that, whatever G may be, 
(62) holds if 97 = ^=0, and that it is assumed in 
obtaining this relation that the rays involved 
are those which are incapable of predicting 
what the curvature of the unit surfaces will be. 

If the value of /3 determined hy (61) is 
substituted in (60) it is seen that 

7 — ( 6 -h 2Gy) ^ =0. . . (63) 

Introduce now the special convention as 
regards ^ and 7 that the addition of the 
suffix 0 signifies that the coefficient relates 
to the system in its zero configuration. Then 
if the curvature addition from this form is 

S/Ci,„ 


y— 7o’h4(l -l-2zn')S*, 
/3 = ^o4-2(H-w)S. 
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If in. this form /3 and 7 have the values 
required hy (51) and (53) the elimiaation of 
S gives 

-(1 +2ci)^o«-(l+CT)»yo=0, 

sho-wing that bending the system as a whole 
will in any given case only yield two object 
positions, other than contact with the lens, 
for which the satisfaction of the sine condition 
is consistent with the removal of spherical 
aberration. 

These two solutions are both hnaginary 
unless 

(1 +273')(5 -|-2sj’)|3o* + 7o 


is positive, and this condition cannot be 
satisfied with most combinations of two 
glasses to form a cemented achromatic doublet. 
Although both these conditions should be 
satisfied in such a system as a telescope 
objective, it frequently happens that the sine 
condition is deliberately ignored because the 
use of other glasses simplifies the construction 
from the manufacturing standpoint, and the 
faults present are not very conspicuous when 
the field of view is small. 

§ (9) Thb Cemented Pottblet. — On ac- 
count of the great importance of lenses of the 
cemented doublet class it is desirable to 
consider them in some detail. 

The powers of the component lenses are 
determined by the assigned focal length or 
power of the combination and the colour 
conditions which are to be satisfied. It is 
therefore assumed that these powers are 
known. 

From equations (43) and (45) it is evident 
that the common curvature addition required 
to attain the standard form is 


1 

{l+2m)K 


S-{(1 -I-2t3’,„)Sm'C»» 






where in the absence of a suffix is to be 
understood. It at once follows that 


i8o(l 4-2tir)/c®— S(ny 

and since the range of indices of available 
glasses is very restricted the first factor on 
the right is normally small, and is a small 
quantity. The small range in the possible 
values of ts and involves the conclusion 
that the main problem concerns the attain- 
ment of a suitable value for either by the 
initial selection of suitable varieties of glass 
or by an arbitrary division of the system. If 
^ k Tmtten for 28 for 

(1 -I- 2ur and for and the 

double suffix notation is used to denote 


summation, the equations for and 70 may 
be written 

2 pQK = -SQro^'jn • (5^) 

7 o/c® = 2 + Qrn^^ni ■” “ Km,n)Km} 

— ^ . (55) 


where the sufGLx i,„ is to be understood when 
none is given. It is evident by inspection 
that the equation for jSj, is unaffected by making 
any common addition to all the Q’s, and tho 
same becomes obvious for 7^, by writing tho 
last equation in the form 

7 o/c» = 2 

+ 2{Q 

KTow assume for the form 

“ OtTi.” 


where Pj, Pg, . . . P„.i are (^-1) unknown 
quantities and the double suffix carries its 
general additive meaifing. Substituting for 
the Q’s and j’s in. terms of the S’s and /c’s 
gives 

“ 2(;x™- 1) “ 1) 

and 


SiKi 4* 


/Cl 


2(/^x-l) 


-f-Sn% — 


2(yU„~l) 


= 0 , 


showing that the curvatures of the extromo 
surfaces of the system as given by the Q’s uro 
equal and opposite, and that is tho curva^ 
ture difference between tho consecutive 
surfaces belonging to lenses and For 

a cemented system tho P’s will all be zero, 
and 7o may be calculated from 

yof^ = ■f'JZ'i'ijtn.)* 

+ 2(i 

When the system consists of only two inombers 
convenient expressions for numerical use arc 


PqK^Jc ~ (Wi — . • (5(5) 

which illustrates the general rule that unliko 
ur and 70, which are unaltered, changers 
sign when the system is reversed, and 


roK»=yxVi -l-y + 2y ACi/Cj -1- (57) 

^ an achromatic objective one component 
is positive and one negative, while a:, 
agree in sign. Thus only ono of tho ^torms 
gives a positive contribution to which has 
a strong tendency to bo negative. In this 
respect a doublet is in. marked contrast with 
a single lens, which necessarily has a positive 
yfl. yVhile this difference enables the com- 
bination to be corrected for sphorieal aberra- 
tion, it usually prevents tho sinauliano< )us 
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correction of spherical aberration and the 
sine condition. From the condition obtained 
earlier it is evident that for the simnltaneons 
correction when negative must be numeri- 
cally small. It is seen on considering the 
results for a cemented doublet and a single 
lens that the fault lies in too great a difference 
of refractive index between the two glasses 
employed. 

To obtain a general idea of the kind of 
variation of 7^ implied by the above expression, 
assume that the refractive indices of the two 
glasses are given and that the power of ' the 
cemented combination is unity. Consider 
the change in 7^ as the power of one component 
falls from a large positive to a largo negative 
value, and the other consequently rises from 
a large negative to a large positive value. 
Let component 1 have the lower refractive 
index, that is At the extremes the 

sign of 7o is given by the highest power of 
Ki—K^ and is obtained by writing ^(/Ci - /Cj) 

Kx, and -Hki-Kz) for k^. The result is the 
value 

(ACi-/f8)®(uri“*CTj)(l -l-SWjWa) 

16(1 -®a)«(l -7^0* ' 

showing that with powerful lenses of opposite 
signs 7o tends to assume a positive value when 
the component with the higher index is of the 
same sign as the combination, and a negative 
value when the component with the same 
sign as the combination has the lower index. 
These extreme values illustrate the general 
tendency of the change in the series, and agree 
with the well-known construction for telescope 
objectives in which the combination and the 
lens of lower refractive index are positive 
or converging, and the system is corrected for 
spherical aberration by bonding to an extent 
dependent on the magnitude of the negative 70. 
It must not be thought, however, that the 
variation in 7^, is throughout uniform in 
direction. For taking the series in the 
direction from jq negative to 7 q positive wo 
reach fC2=^0, Ki =1 before k^—O, In 

these oases y^ reduces to the single-lens formula 
7o =(1 - m)“®, and since 0 < w < 1 and uyi> Wg, 
the value of 7^ in the earlier case exceeds 
that in the later. There must therefore exist 
within the range positions where 7^ beoomos 
stationary. In the neighbourhood of 
equation ( 57 ) gives 

• • •]’ 

showing that stationary points exist outside 
the region in which both components have 
the same sign. The stationary point near 
this region for which y^ is a minimum would 
be of great importance if 7^ reached values 
in the neighbourhood of zero, but this is found 
not to be the case. A typical curve exhibiting 


the variation of in the region of practical 
interest is shown for ^^ = 1, correspond- 

ing to = 1 - 5 , /I2 = 1 ‘6 (Fiff, 6). The values of 
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Fig. 6. 

7o at the stationary points do not differ much 
from those when one component falls to zero 
power. 

If a number of curves of this kind are con- 
structed, with one of the glasses of fixed index 
while tho other is variable, it becomes possible 
to exhibit the variation of y^ for cemented 
doublets, when one independent variable is the 
refractive index that is not fixed, or a con- 
venient function of this index, and the other 
determines the relative magnitude of the 
powers of the two component lenses, by draw- 
ing lines on a chart, in which those variables 
are represented by distances measured in perpen- 
dicular directions, through the points which have 
common values of 7^. The contour map in 
which one of the variables is 
is most instructive, but for practical use 
in detailed- work it is more convenient to 
substitute log ( - kJk2)’ The two maps are of 
course quite dissimilar, and it is not easy 
with the latter variable to trace the effect 
of a continuous variation of one of the com- 
ponent powers from positive through zero 
to negative values. Its special advantage is 
that it enables an important group of problems 
to be solved rapidly by showing which pairs 
of glasses are suitable for the purpose in hand: 
It is supposed that the colour conditions are 
given in a form which fixes the ratio of the 
component powers in terms of the “ con- 
stringonoe ” of the glasses, i.e. the ooejffioient 
V. If, then, two charts are prepared, one 
exhibiting the contour lines for 70, and one 
representing by points the various glasses 
known to bo available, both charts having 
the refractive index represented on the same 
scale, and the other variable being in the first 
case log ( - KjK2)f and in the other log vjv^ or 
other appropriate representation of the colour 
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condition required, the best pair of glasses 
can be selected by superposing the two charts 
and moving them in sHde-rSe fashion oyer 
one another, provided the upper one is drawn 
on transparent material. The accompanying 
figures show such a pair of charts for finding 



glasses^ fully corrected for colour. The fixed 
refractive index is 1*62, but the same charts 
may be used for a considerable range of values 
for this index. It will be noted that to secure 


• 

0 





« 0 

0 

•.0 


•- 

‘0 





•© 

Si 


‘1*^ -.i-ib Tsi i^eo res 
fieJraGtiue Index 

Tig. 7. 


mmultaneous correction for colour, spherical 
aberration, and coma in a thin cemented 
objective the precise dense flint selected is 
of little importance, but that in the crowns 
the index of the ordinary silicate glasses is too 


small w'hile that of the dense barium crowns is 
too great. Of intermediate glasses the medium 
haiium crovms are suitable, as are also 
the phosphate crowns introduced in 1880 
at Jena, but since withdrawn on account of 
their instability, and also the fluor crowns 
introduced in 1913- 

§ (10) Extension of the Cemented 
Doublets. — When suitable glasses are not 
available to meet the conditions that must 
he satisfied, two courses are open, both of 
which have as their object the securing of an 
additional degree of freedom. One of those 
consists in removing the restriction that the 
inner curvatures of the two components are 
to be complementary, so that the lenses may 
be cemented together ; the other retains the 
condition that the inner surfaces are to bo 
cemented, and secures the required freedom 
by dividing the total power to bo con- 
tributed by one of the two glasses into two 
arbitrary parts, the final lens thus consisting 
of the lens of the other glass oemontotl 
between two lenses of the glass that has 
been divided. 

Considering first the case in which the 
requirement that there shaU be no air-gap is 
abandoned, the value for 7 o when an air- 
gap P is present is given by 

In the cases of practical importance k: has 
the same sign as k, and and dillor in 
sign. The introduction of the air-gap thus 
gives a limited opportunity of inoroasiug 
and offers a theoretically unlimitocl rango uf 
smaller values of y^. It is thus obvious that 
when an air-gap may be introduced any one 
aberration condition can always bo Hatislied, 
a result which does not axiply to a (*enionicvl 
objective of two components, and as a rule 
two conditions can be comidiod with. The 
problem reduces in all cases to tho solution 
of a quadratic equation, since one c'oiKlituyn 
gives a linear and the other a quadratu^. n^ation 
between the amounts to which tho two com- 
ponents must bo bent, or, wliat is c>q\uvaleut, 
between, the bending of tho complete lenw au<l 
the air-gap curvature. 

When one of tho lon.sos is to be divhicd tlui 
cemented system that is to bo cletcrmim^d may 
either be regarded as two aohromatu? (u^incntecl 
lenses cemented together with their like gliiHSc^H 
in contact,! or treated directly as a triple lens 
^thout air-gaps. If j ; 

» have exactly tho sumo values as th(\y boro 
for the doublet lens, the clomontH fdr tho 
triple lens may he represented by /cJl -- I'A, 

.?s, iifl; I-/, 

and the ralnea of tho Q’s will b« j - «), 

^ See Proc. Phi/s. Soc. hand, xxvli. 41 ) 5 , 
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- Ji(l - 20), The substitution of 

those Yaluos in (54) and (55) leads at once to 

^o=/3o(l-20) . . . (58) 

and 7 o~A'=(vo-AO( 1-20)S . (59) 

whore 

AV = (kKj, + 

=j^f< - 'cya)( j • ( 60 ) 

and the cootlioionts with a bar aboTo relate 
to the trii)le lens, wliile those without refer 
to the conientcd doublet. It will he noted 
that the last throe tomis in the first expression 
for A' have boon found in evaluating y^. 
The moaning of A' bccornos evident at once 
on i)utting 0=J, which gives A'. Since 
the lens is then quite symmetrical in con- 
struction, and 7o=0 is the condition for 
freedom from spliorical aberration at magni- 
fication - 1, it follows that A' = 0 is the 
condition that a parallel beam incident on the 
second component of the doublet with the 
external surface flat should ho brought to a 
focus without aberration. 

The eorres])<)nding result when the second 
oomponent of the doublet is divided to form 
two external lenses may bo written down hy 
analogy. If the throe components are /C2^, 
h* '^2(1 " o^tia.tion (68) is unaltered, and in 
(59) A' must bo roxfiaoed by A where 

“A •+/x)'^8* 

and rei)rcsont8 the spherical aberration for an 
object nt infinity when tho liglit is incident on 
the comontod doublet 1, 2 with tho first 
surface plane. 

It is evident that a trqilo Ions may have 
any value of 70 on tlio saino side of A' or A, 
as tho ease may be, as tho 7^ of tho cemented 
doublet. As a rule it will bo possible to 
satisfy two conditions, and four solutions will 
in general bo found for any given problem, 
two of which havc^ external lenses of one glass, 
and two of the other. 

Those results may readily be gonoraliscd to 
yield equations for tho solutiou of any 

problem with two given glasses when tho Ions 
is to consist of any number of thin com- 
ponents oeiuontocl together, tho two glasses 
occurring alternately.^ 1 n all cases a solution 
may he obtained by solving a quadratic 
equation. 

§(11) A Tki.tcsoope Objicotivk ttkktc from: 
SpherioaTj Aberration amd Coma. — As 
examples of the apidioation of the foregoing 
oxprosHions lot it bo required to find the 
curvatures for lenses free from spherical 

» Hoc Proc. Phys. Boc. Lond. xxx. 31. 


aberration, and where possible from coma also, 
for an object at infinity, with 

/xi=l*5, /i3=l-6, Ki=3, /ca= -2. 

Then 

0'i=f, Wa=5, ji=9, ya= —VS &i=7, )b2=-|. 
For a cemented doublet 

x|-2xf = 5, 

/3o=f X Vx^Vx3x2=^, 
7o=243-fi^J-^— 44-^^ = -27if, 

illustrating the small value of and the 
tendency to negative values of 7^. In the 
standard form the curvatures of the end 
surfaces are 

or t-l-'K, 

or and — f,8- respectively. The equation 
for S, the curvature addition required to give 
freedom from spherical aberration, is 

--27ig. 4-10S>- - 14S +3 -!-#=(), 

whioh has the two solutiona 

7 , sVg 

°“10- 30 

The first solution corresponds to the well- 
known form in which the curvature of the 
last surface is small. When the lens is 
reversed so that tho parallel beam of light falls 
on the second component, the signs of tho 
third and fourth terms must h© changed. 
The solutions for this case are therefore 

„ 7 2\^690 

““■"lO* 30 

The extent to which the sine condition is not 
satisfied is measured by the value of tho left 
side of (51). In tho four oases just con- 
sidered these values are, with lens 1 loading, 

l±Us/a 

“■'"15 ’ 

and with lens 2 loading, 

20 ±1 s/m 

39 

all large errors with the signs differing in the 
two members of each pair. 

Consider next the removal of this aberration 
by the introduction of an air-gap between the 
two components. The conditions to bo satisfied 
arc 

y = 5 +2r3' 

and 4(2 -1 -ut), 

the sign depending upon whether tho first or 
tho second component is met by tho parallel 
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beam of Hglit. Instead of making use of 
special formulae for this case it is simpler to 
solve from (43) and (49) for and Sj/fj. 
Tke first condition gives 

28 (SxAf, - 

and tke second 


40S 1 ^ 1 — 26 S 2 /C 1 — 1 = ± 1 1 , 


and tke solutions are, with lens 1 leading, 


Sx/ci=6-841\ 
S2^fa = 8-624/ 


and 


S.«i= 

82 ^ 2 = 


and mtk lens 2 leading. 


Siac 2 = 4-232 \ 
S 2 /C 2 = 6-896/ 


and 


S 2 ^;= 

S 2 /C 2 — 


- 1-351 \ 
-2-541 > 


-2-952\ 

-4157/- 


Piually, cemented objectives built up of three 
lenses may be considered. From either of the 
formulae given tke values 


A= - 


43 

18* 



may be found. The equation from whiek S 
has been eliminated may be used to find 1 - 2 ^ 
directly. The general equation vdth. tke first 
lens divided is 


^(70 - A')(l +®)* +-/?o»(l +2®)}(1 -25)« 

-2{I •i-2®)(2+et)j^i8,(1-29) 

+A'(l+®)>-(i^)»=0, 

and the curvature to be added to the standard 
form is 

the curvature of the end face of the standard 
form being of course 

± Ki - + {1 - -jA)l2L 
Applying these expressions to tke solution of 
the present case, tke values found are, with the 
first lens divided, 

1-2^ =-5117, 
with extreme curvatures, 

1-741 and -0*926, 
and 1-2^= --5546, 

with extreme curvatures, 

2-528 and -0-138. 

With tke second lens divided the solutions 
are imaginary. 

Any other problem in the calculation of thin 
objectives is solved by a method exactly 
comparable to that illustrated. For the 
discussion of tke equations to be used in other 
problems reference must be made to other 
sources. 


The problem undertaken is not theoretically 
complete. -Any actual lens will not be “ thin,” 
but what may be termed a “ close ” lens, the 
separations between the surfaces being such 
as to give the required aperture with a suitable 
additional substance to enable the glass worker 
to secure surfaces of good figure. The curva- 
tures obtained from the solution in which 
thicknesses have been neglected require 
therefore to be modified in consequence of the 
departure from correction due to the intro- 
duction of thicknesses. Consideration has 
also to be given to the character of the correc- 
tion which it is possible to achieve, on which 
the mathematical conditions that should he 
obeyed must depend. In general it is found 
that the first order aberration must not be 
entirely removed, as the errors of higher 
orders tend to produce over-correction. The 
type of c'orreotion exhibited by a well-designed 
objective thus shows small positive aberration, 
which rises to a maximum and falls to zero 
for rays which enter near the margin of the 
aperture, and the procedure adopted must 
secure the satisfaction of this condition. It 
is found on investigation that for relative 
apertures such as are normally employed 
this condition is satisfied by naaking no altera- 
tion in the curvatures of the surfaces, with the 
exception of the small change in a shallow 
surface necessary for the attainment of good 
colour correction. Owing to this fortunate 
coincidence the calculation of telescope 
objectives by the algebraic method described 
is much to be preferred to the more laborious 
trigonometrical methods. 

§ (12) Systems with more than Two 
GtLassbs. — problem which arises much less 
frequently than any of those already discussed 
relates to the calculation of systems in which 
more than two different glasses are used. 
When there is one lens of each of n glasses 
they can be arranged in nl orders affording 
iThl cases to be investigated if a complete 
examination is to be made into the properties 
of the various systems. In accordance with 
what has been said of thin cemented systems 
in general, the most important problem is the 
determination of the values that 7 ,, may take, 
and particularly the effect on this quantity 
of variations in the order. It is not difficult 
to show that when there are three separate 
glasses the extreme values of 70 are obtained 
by putting a lens of extreme index in the 
middle, whether the value is the highest or 
the lowest depending upon whether an odd 
or an even number of components differ in 
sign from the complete lens. When there 
are four components extreme values usually 
result hy placing all the positive lenses to- 
gether in the order of their indices, and all 
the negative lenses together also in order. 
Suoh complex systems usually arise from 
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attempts to reduce second ordet chromatic 
aberrations.^ 

§ ( 13 ) Systems ht winon Chromatic Abeb- 
RATioE’ IS NOT Imcpobtantt. — Sy-stems are 
occasionally required for use in circumstances 
where chromatic differences may he neglected, 
and it is thus possible to construct them using 
only one hind of glass. Lenses so constructed 
afford good examples of on© or two principles 
of iinpoi*taiico, and they are of practical 
interest since they may bo made to have 
very small outstanding aberrations for even 
exceptionally largo relative apertures. 

When a single lens is employed to form an 
image of an object placed so that the paraxial 
magnification is Q, the spherical aberration 
yanishea when 

+ +2o)S--8(l +o)s|^ 



oa<l whoa this cannot bo made to Taiiish the 
loft flido may Ikj put in tho form 

1. _ 1 / H Oy 

(r-'ra)*~l+2CT\l-fV 

which attains its minimum value when 
l-hG 


of the same glass in contact. For such a 
combination (43) gives 

^/f*=5:2(l H-zEr)2S«»A:ffiS 

and (49) 

2w)SS„»‘/c:to® 

— 8(1 * 1 - 

+ (3 -f'2m')S/Cf7j(/Vi, w “■ 


SO that the spherical aberration at magnifica- 
tion G is measured by 




1 Q.\ » 

— (1 Q j J- Km 

/1+G\n 

3(H-2ro) (H-2cT)\l-Gj J* 


Assuming that the powers of all the component 
lenses have the same sign as k, tho minimum 
value of this expression is 


_ 1 r / 2-hCT \ * 

3 (H- 2 m)L\l-®j /:> 



and tho first coefficient being large compared 
with tho other terms, removal of the aberra- 
tion will bo best effected by making 
as small as possible compared with k, that is, 
by making tho power of every component 
equal. If the number of elements is given, 
say TV, the aberration is removable for all 
values of ur below that which satisfies 


It is usually said that at this position tho ions 
acts like a iirisiu at miniitnim deviation, the 
air or glass angles between the ray and tho 
two normals being equal. This is moorroot ; 
for to tho order of acouracjy lioro required the 
ratio of tlio simi of tbf^ angle at tho first surface 
to that at tho HCMumd is 

and when M has tho value for which tho 
sphori( 5 al aberration is ii niinimuni tliis ratio 
booomos 

2/4 1-1-30 

which HbowB that tho mupposod law is only cor- 
rect in tho BptK^ial (} — 1, for whic^h the 

system is Kynirmitn(Mil. Sine© (1 4 2 ?tt)/( 1 -nr)* 
exooodH unity for all positive values of irr 
less than 4, there is always ponitivo sphori- 
cal aherration for all values of (1 •l’(l)/(l -O) 
botwocn the limits t I, that is, for all real 
images of real < >1 )je<its, It 1 h j )OHBi bio, however, 
to eliminate this alK'irratiou l)y substituting 
for tho single l<^ns a nunihc^r of thin Ioubos 

» Tram, Opt. f<or, xxll. lib 
VOL. IV 


1 

vl — w/ 



==0. 


Tho smallest number of components for 
o(UTonti<m in evidently obtained for distant 
objects, and tho greatest numhor is necessary 
when the object and imago arc equal in size. 
If G ~ 0 is taken as a convenient roforonoe case, 
twic^o as many components will bo required 
for the flame value of m* when G— -1 and 
ai>pr()ximatoly 14 times the number when it is 
about For G = 0 tho lowest refractive 

index that may bo employed is evidently 

_ 2^1 -M 
^”2(^-1“)’ 

special values being /a>^ for % — % for 

forn=4,and/4> 

tho limiting index all tho S’s are positive and 
inorooBing from tho first member of tho series 
to tho lost, tho system assuming the form of a 
Horios of jnoniwouB lenses in contact on the axis 
with air gaps between them towards their 
edges, the ourvature differences of the air 
gaps being equal 

It will usually bo necessary for a lens of this 
kind to satisfy the sine condition in addition 
to being free from spherical aberration. 
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Substituting in the expression for the 
value of which results in miniinum 

spherical aberration, it is found that 


(l+o)-.l±G 

1-G 


_ ,1+G W 1 + Cr « 

or |S-(2+®)r3G-'-IT^ iTO-®' 


and the sine condition is only fulfilled when 
the object and image are eq[nal. Evidently 
this must be met by an increase in. the 
minimum refractive index for a given number 
of components. Let S^j/c^ be given the value 


. l+w, ^ , 2+ur 1+G 


where is a variable whose value is at present 
undetermined. The sine condition is satisfied 
if lVmKfn=^0, 


and the spherical aberration coefficient becomes 


1 ,\ 1 /'1+G\* 

3(1+20)11.1-0/ K* I (1+®)*\1-G/ 


+t(l+2cr)sii!^ + 


1-fur 


1 + 


and the lowest value of the index will he 
obtained by making all the v’s zero and all 
the powers equaL The equation from which 
the limit is to be found is 

1 /2-fur\* , 3(1 +2ur)/l -f G\ - 

(l-l-ur)» \l-Q/ “ " 

which gives when G=0 and n=4: the approxi- 
mate solution ur=-648 or = 1*543. 

If the lens determined by this approximate 
solution has thicknesses inserted without 
change in the curvatures, the spherical 
aberration wiU be very slightly over- corrected, 
and the departure from the sine condition 
appreciably over-corrected. The latter is 
remedied by increasing all the curvatures by 
a common value, making the lenses more 
decidedly meniscus, but in so doiug the 
spherical aberration wiU be over-corrected. 
This is remedied by a further increase in 
refractive index, solving for the noinimum 
spherical aberration and suitable under- 
correction of the sine condition. For a relative 
aperture of about //I a suitable refractive 
index is approximately 1*6. The zonal 
variations in the spherical aberration and in 
the sine ratio for even so large an aperture 
as this will he found extremely small. 

§ (14) More Complex Systems. — It is not 
possible in the space available for this article 
to enter on a discussion of the way in which 
the principles applied above in consideiing 
thin objectives may be extended so as to 
cover systems of complex construction for 
large apertures such as microscope objectives. 


or photographic lenses where large apertures 
are required to be combined with a large field 
of view. It must suffice to say that, by the 
aid of theorems which assume a very neat 
form, it is possible to determine the conditions 
which each lens should satisfy on the assump- 
tion that it may be regarded as a thin lens 
finitely separated from its neighbours, and 
that a definite treatment applied to this 
simplified lens will yield the correct data for 
the real lens. The importance of this procedure 
lies in its automatic evasion of attempts at 
the theoretically impossible, to which pursuit 
the designer without some such guide is very 
apt to devote a great part of his time. Indeed 
little experience of leus calculationa is required 
to force home the conviction that almost 
every attractive scheme for the removal of 
aberrations involves direct conflict with 
Fermat’s principle. Before concluding, it is, 
however, desirable to mention hiiefly a few 
general results which have many applications. 

It was shown in equations (15) that the 
resolved equations governing the passage 
of light through the system are of the form 

Vm+i — 0* 

Let another set of such quantities be dis- 
tinguished hy the introduction of accents. 
Then, whatever meaning these quantities may 
bear, the value of 

- 1 - ~ Vm "" m'l' 

is identically zero. In other words, 

n 

^ n-i 

1 

or 

— ITbj) 

" n 
0 

= y'nfJhMn - yn!J>'n^'n “ t/'o/^oMo + (61 ) 

where y^^, 2/'o, y'n a-re arbitrary points in the 

external media on the two rays, distant r^, 
T„, r'o, from the points in which the first 
aud last surfaces are encountered. 

These expressions give at onco the conditions 
that paraxial rays relating to light of different 
colours should form images free from colour. 
Special results of importance are obtained 
by considering the case in which both rays 
. are initially parallel to the axis, so that 
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^ 0=7 ^^ 0=0 and and y\ are made to 
vanish by selecting as the final end points 
the intersections of the ray with the axis. As 
the rays are paraxial since 

it may be assumed that the difference of 
index is small enough for the rays never to 
become appreciably separated if they are 
initially coincident, the second expression 
gives 

"1“ ^ "I" M!n*5v« = 0, 

1 1 

where the last medium is non-dispersive and of 
unit index. It is permissible to divide through- 
out by and write for the 77 ’s and M’s their 
values in terms of the direct paraxial ray, with 
the result that 


gives the change Sv^ in the position of the 
second principal focus as the colour changes. 
The corresponding expression for the first 
principal focus may bo written down by 
analogy. To find the variation of the power, 
assume = The right side of (61) 

is then 2 /n 2 /'„(K' - K). Dividing throughout 
U»y'n neglecting differences between the 
colours in the oooflficionts leads to 


Sk = ^ 



n-t 

I 


§ (15) CrrEOMATXo Abbreatiok. — ^W hen the 
system is a thin lens the equations reduce to 
the single condition 

^ 6 / 1*771 = 0 
1 

for freedom from all oliromatio aberrations 
for j)araxial rays, as would be inferred from 
tho fact that when k is known the paraxial 
rays ai-o all dotonninod. For a discussion of 
tho properties of glass as regards variation of 
index for colour, reference should bo made to 
tho article on Optical Gllass.” For present 
purposes it will suffice to mention that tho 
principal oharaotoristio of any glass is given 
by a cooffioiont v which gives tho difforonco of 
power for tho 0 and F lines of hydrogen in 
terms of that for tho D sodium lines in the 
form 



and tho rays for tho C and F lines will thus be 
refracted alike if 



When this condition is satisfied the outstanding 
ohromabio aberrations are those generally 
considered most satisfactory for images bo be 
examined visually. Tor photographic us© it 


is usual to secure agreement between the D 
and G' lines. 

The condition for a thin doublet lens is 
automatically satisfied by giving and 
the values 

K 


When throe glasses are employed it is generally 
expected to remove the second order differ- 
ences of colour, and tho solution of the problem 
is easy when once suitable glasses have been 
chosen. The properties of all glasses hitherto 
manufactured approximate very closely to a 
law which results in the lens having zero power 
when the appropriate conditions are satisfied. 
It is easy to see that a higher degree of correc- 
tion is attained if the glasses vary in such a 
way that when the changes of index between 
two pairs of reference spectrum Lines are chosen 
as variables, the points representing the 
glasses when these are plotted in perpeaioular 
directions are oollinear. For manufactured 
glasses, however, these partial ratios are 
practically linear functions of the v’s with the 
consequence stated above. A way out of the 
difficulty is afforded by the use of transparent 
crystalline materials, of which fiuorite is much 
the most important. This substance exhibits 
no double refraction, and its representative 
point on the chart lies almost on tho straight 
line about which normal glasses group them- 
selves, while the linear relation between the 
dispersions and the p values does not hold 
when fiuorite is one medium and glasses are 
selected for the other two. By means of suoh 
a chart all suitable combinations of glasses 
may be obtained in a few minutes, and when 
tho remaining conditions arc spocihed the 
field of choice can quickly be reduced to one 
or two alternative combinations.^ 

§ (10) Aberration Formulae. — Equation 
(01) interpreted in the broadest way forms a 
sufficiont basis for tho oonstruotion of formulae 
for aberrations to any required order of 
accuracy. Such formulae maybe arranged on 
many plans, but, though they have what many 
workers will regard as peculiar disadvantages, 
there is much to be said in favour of a de- 
velopment which remains entirely symmetrical 
in the variables for the initial and final media. 
An illustration 'of a symmetrical development 
will be afforded in tho brief consideration given 
later to the application of Hamilton’s method 
to optical problems. The preceding dis- 
cussion of the properties of thin lenses also 
is symmetrical in character, and tho three 
quantities in terms of which the aberrations 
have been expressed are capable of immediate 
application to the system used in the reversed 
* QUrans. Opt. 80c. xxii. 09. 
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directioa with, as muoh ease as in the original 
direction. This is a comparatively minor 
matter when only first order aberrations are 
under discussion, but it becomes extremely 
important when higher order effects are 
under consideration in order to secure the 
greatest economy of labour. 

In a number of problems in wMch (61) 
might he employed it is advantageous to return 
to first principles. As an example, the formula 
giving the positions of the primary or tangen- 
tial focal lines may be taken. Suppose a ray 
is refracted at the origin on a sphere which 
has its centre of curvature on the x axis, and 
assume that the ray lies in the plane z=0. 
Consider the length of the path from a point 
on the surface near the origin to the point 
p cos p sin 0 , 0 . The point on the surface 
is approximately + 17 , f and the dis- 

tance between the two points is 


p-ijsin cos 

and thus the ray through 17 , ^ from 
p cos 0 , p sin 0 , 0 to p' cos 0 ', p' sin 0 ', 0 ex- 
ceed in optical path the ray through the 
origin by 

- sin 0 ' sin 0 ) 

^ <j>' p co3« 0 



In the ordinary instrument there is no uniform 
change of path from point to point of the 
surface, so p.'^sin 0 '=/isin 0 , the ordinary 
law of refraction, is satisfied, which gives 
merely the direction in which the wavelets will 
miiriorce one pother. The following terms 
indicate the distances in these directions in 
which special concentrations will be found 
correspond^ to the foci of geometrical optics. 
The meaning is obviously that considerable 
latitude may be given to f without producing 
any appreciable change of path in the positions 
^ven by the law hitherto considered exclu- 
sively, and similar latitude to -g at positions 
given by the new law^ 


cos‘ 0 ^ p cos* 0 


, p =K. . (62) 

Since the former law ma^ be derived by 
conmdeiiBg a single ray alone -withont refer- 
ence to neighbouring rays, it is evident that 
(62) represents the differential of that law 
^d it jriU be expected that relations derived 
from (62) will exHbit this form when com- 
pared with those obtained from the earlier 
law. 


A situple application of this law of import- 
ance relates to rays passing near the axial 
point of a thin system of lenses. There arc no 
changes in the angles of incidence between 
the two surfaces bounding any medium, since 
all are met where they are normal to the axis, 
and the equations for the individual surfaces 
are thus directly additive, giving, since 

K 

Pn Pa l-i{(Mo+M„)»-f (N-oH-Nn)*}" 

so that the change is equivalent to replacing 
the uT in the expression for K, when ') 7=^=0 
by 2 -h Tcr. It at once follows that the relation 
between the curvatures of primary conjugate 
surfaces corresponding to (62) for the secondary 
surfaces is 

7-?-(3-h7cr)ic=0- . . (63) 


The interpretation of the two results may bo 
expressed in a variety of ways ; one of the 
simplest, which, holds for systems in general 
and not solely for thin systems, is that the 
paraxial region of any image surface is most 
simply referred to a surface whose curvature 
is less than that of the object surface by zar/c, 
and that the relative distances of primary and 
secondary foci from this surface are in the 
ratio 3 to 1. 

It may rea<^y be seen that the defect known 
as corna, which is a mauifestation of failure 
to satisfy the sine condition, shows a similar 
ratio of 3 to 1 for errors in and normal to the 
plane containing the principal ray. Careful 
consideration will show that simple laws 
which may at first appear to relate to the 
larger errors in fact must be interpreted in 
relation to the smaller, and the corresponding 
laws for the former will assume differential 
forms. The results already quoted will be- 
come evident in the discussion of Hamilton’s 
method. 

§ (17) A System of rnm Leases. — It has 
been assumed in discussing the properties of 
thin lenses that reference to the unit surfaces 
provides a convenient means of distinguishing 
one ray from another. When a succession of 
separated lenses have to be considered, or a 
stop at a distance from the lens limits the 
aperture so that rays from different parts of 
the object meet the lens at difiPerent parts 
of its aperture, it is necessary to adopt a 
different reference system. The results alrondv 
established on change of variables give aber- 
ration coefficients 

i{58+®'(S-G)2}, for spherical aber- 

ration, coma, primary curvature, secondary 
curvature, distortion, and stop aberration 
mspectively, where S is the magniffoa- 
^on fox the stop in the entire system, G 
the magmfication for the image, and the 
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quantities h, S* . . • 5, are defined by the 
equations 

45, (1 - G)-*=7-4|8iD -1- (3 + 

45»(l -S)-^=7-^(3S + S) 

+ (1 + ®)S* + (2-l-'Cj’)SS, 

458(1 -S)-*=7-2i3(§ + S) 

4- 2 (1 "1- crjS S 4- SS 

45*(l-G)-'(l-S)-»=7-iS(@+3S) 

-i-cy^S 4" (3 4" w)S*, 


458(1-S)”‘ = 7-4:^S+ (3 4-2cy)S», 


where 


140 

U-O’ 


_ 14S 

■“1-S 


The fact that the three middle expressions do 
not transform into one another by the inter- 
change of G and S is of great impdrfcaneo, since 
it involves very severe restrictions on what 
may be achieved by systems built up from 
thin lenses. This property may be regarded 
as a direct consequence of l?ermat’s principle. 

The expressions that have been obtained for 
^ and 7 show that the 5’s for a complex system 
are consistent with the additive laws 


(/Sr)i,n~ 2(/5r)wO^_j.i^„ ®»n4i,n, 

where f is the focal length of the part deter- 
mined by the suffix outside the bracket, and 
Girfn^un, donote the magnifications of 

the image and stop in the portions of the 
system following lens m ; that is to say, they 
are the continued products of the subsequent 
magnifications at individual lens or surfaces. 
These additive laws hold generally, and may 
be established from first principles without a 
knowledge of the expressions from which the 
aberrations are to be numerically computed. 
As an example, spherical aberration may be 
taken. The section of the caustic resulting 
from the presence of this aberration must for 
the lowest order be of the form of a semi- 
cubical parabola 

where 5 is a numerical coeffioient measuring 
the amount of the aberration, and /is the focal 
length introduced in order that the ooefl&cient 
5 may he of zero dimensions. If now a system 
is divided into two parts 1 and 2, in each 
of which aberration of this type is present, the 
coefficient for the complete lens will depend 
upon the coefficients for the two separate 
portions, siuce it must vanish if both of these 
are zero. If the first part is without aberra- 
tion the linear coefficient /5 for the whole will 
obviously be identical with that for the second 
portion alone. If, on the other hand, the 
second part is free from aberration the final 
image be the image of the caustic formed 


after the light has traversed the first part, 
and this image will be formed according to 
paraxial laws. Thus if Cjj, is the transverse 
linear magnification for the second part of 
the system j/ 2 =G 2 ^i, a ;2 = Ga2a;i, and 


(Ai)t,a — 


3/8* '(Ga2/x)» ® 2/i* 


G8‘(A)i. 


Since the errors considered are first order 
effects, the law of addition is linear, and by 
combining the two cases the general law must 
be 

(/5i)x,a = (A,)xG,*4(/508, 

and by repeated application the result already 
given is established for r =1. It will be noted 
that when the system is divided by surfaces 
instead of by lenses, so that the refractive 
index is not necessarily unity at the points 
of division, the factors require modification. 

§ (18) Ha-MILton’s Method. — Brief con- 
sideration must now be given to the very 
elegant method of investigating problems 
in reflection and refraction described by Sir 
W. B. Hamilton before the Royal Irish 
Academy in a series of papers covering the 
years 1824 to 1832. Essentially the principle 
is the use of a potential function of certain 
variables the partial derivatives of which 
determine all remaining unknowns in terms of 
these variables. Theoretically the method is 
extremely powerful and its application in other 
fields has proved of extraordinary importance. 
It is thus particularly noteworthy that in its 
application in the field for which it was 
primarily designed it should be generally 
considered to have failed to justify* expecta- 
tions. One reason doubtless lies in the nature 
of the subject itself, which requires all problems 
to be investigated with a minuteness not called 
for or appreciable in other fields. Another 
contributory cause is perhaps that Hamilton 
himself, like most mathematicians, was more 
interested in the broad problems to which his 
discovery was applicable, and in deriving 
general results to which it led with great ease, 
than in the tedious task of constructing 
expressions which gave a numerical measure 
of the efiects so readily investigated qualita- 
tively, and that this task has proved a formid- 
able one in less able hands, "Vniatever the true 
cause may be, the result remains that no 
notable use was made of the method in the 
first fifty years after its publication. Perhaps 
the best testimony to this failure is that it 
was largely forgot’ten that it was to these 
optical problems that potential methods were 
first applied, with the result that Bruns in 
Germany believed that he was breaking entirely 
new ground in so appl57ing Hamiltonian tools,* 
and published a very extensive and heavy 
investigation which, f(jr the most part, con- 
stituted a duplication of Hamilton’s original 



310 


OPTIOAX CALCULATIONS 


■work. To the potentia,! function which he used 
for th© greater part of his investigations 
Hamilton applied the name “ Oharaoterisfcic 
PniLctian ” ; hut use was also made of another 
function, with different variables and allied 
properties, -which was designated the “ Allied 
Characteristic Punotion.” Bruns, with ohar- 
aoteristic thoroughness, investigated all the 
functions which could be utilised for the 
purpose, and proposed for them the generic 
title of “ Eikonah” It is convenient to retain 
Hamilton’s name in the sense in which he 
■used it, and to restrict “Eikonal” to a parti- 
cular function which, like the characteristic 
function, is symmetrical in its variables, and 
takes for these variables the direction cosines 
of a ray instead of the co-ordinates of a point. 
In both oases the function has the dimensions 
of a length, and in the case of the characteristic 
function represents the length of the optical 
path between the points whose co-ordinates 
are taken as "variables, and in the eikonal 
the length of the optical path between the feet 
of perpendiculars to the ray from two selected 
points in the object and image spaces respect- 
ively. Instead of introducing the full number 
of variables; since all that is required is the 
identidcation of the ird-tial and ^al portions 
of a single ray, one of them in each space 
may be absent, and intersec-fcions with ^ed 
planes will be derived. 

ALSsuming that the system is symmetrical 
about an axis, it is convenient in the case 
of the characteristic function to adopt y, z 
and y, z' as variables, the axis of symmetry 
coinciding with ‘the axes of x and x\ If then 
V is the optical length of the path between 
fixed planes expressed as a function of the 
points in which the ray intersects these planes, 
the direction cosines of the ray before and 
after traversing the system are given by 


IjM.= — 




Misr= - 






dr 




Similarly with the eikonal E, if the optical 
path is expressed els a function, of M, NT, K', N”', 
the reference points being on the axis, the 
co-ordinates of the points in which the ray 
meets the planes normal to the axis through 
these reference points are determined from 


_ BE 


aE 


aivoNr 

9E 


Since the system is symmetrical about an axis, 
V will he a function of yy' h- 22 "', y'^ +z'^ 

only, and E a function of MM'-h 

M'a + only. Put (1) = +- ^a), 

(2) im'), (3)=/^'2(M'2 + N-'2). Then 


E is a function of (1), (2), (3), and these may 
be transformed iuto other variables as found 
convenient for discussing particular problems. 
Suppose that it is desired to consider the 
conditions for freedom from aberration for 
magnidcation G, the reference points being the 
axial points of the object and imago planes. 
Let there be a stop for which the magnification 
is S. Introduce the variables I, II, III de- 
fined by 

I (S-G)*=(l)-2G(2)-i-G»(3) \ 

II (S-G)*=(l)-(G+S)(2)-i-GS(3)k (64) 
ni (S-G)» = (l)-2S(2)-hS*(3) ) 

so that 

(1) =S«I-2GSn+G*Iir ] 

(2) = SI - (G - 1 - S)II - 1 - Gin [ ; . (66) 

(3) = I- 2 IIt-Iir J 

then, deno'dng dififerentia-tloD. by a sufihx, 

3/(S -G)‘= (^-G/i'M:0(2Ei-l-Bii) 

■f (/iM — S/a^'^)(Ejj ■+• 2Ejjj), 

y'(S -G)*= (aM -GiLt']Vr')(2GEj +SEn) 

+(/4M-S/t'M')(GEjj-H2SEin), (60) 

so that 

( 2 / - Gs/)(S - 6) = (^M- 
and. similarly 

(z'- Gz)(S - G) = (acN - G/t-'NOEn 

-i-2(a4N'-Sm'N‘0E,„. 

Now if the image of the piano object falls 
on the plane and is free from aberration, 
y'-Gy=z' - (xz=0 for all rays. Moreover, in 
general M/N+M'/N', since this implies that the 
rays are restricted to the axial plane containing 
the object and image points. Consoquonfcly 
Eli and Ein must vanish identically ; that is, 
E must he a funotion of I only, and all rays 
arising from the same object point must have 
identical values for piK - G/x'M'and /aN ~ G/x'N'- 
TMs is a generalised form of the well-known 
sine condition, and reference to (33) shows 
that it involves the result stated earlier, 
that K must have the same value for all 
rays arising from the same point of this 
object plane. 

The sine condition as usually given relates 
only to rays arising from a point on the 
axis. Equation (66) shows that in this ease 
pM - G/x'M' must he zero — Ei cannot vanish, 
for its constant term is the focal length of the 
system- The result may, therohjro, ho stated in 
the form that the ratio /iM/ytt'M' must bo c.on- 
stant for aU rays through the axial point 
and equal to the linear magnification for par- 
axial rays. 
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Tho cottnoction betwoon K and E is readily 
found from (32) and (60), 

1 2G 

K ~ “®(2) 

and it is easy to verify that this relation is 
always true. Thus -Eg is the focal length 
for the ray determined by the values given 
to the variables. and E 3 serve to fix the 
positions of the principal foci on this ray. 
The relations between the two systems enable 
the results of calculation made by one of them 
to be readily stated in terms of the other, and 
in particular they show that phase relationship 
at and near the foci may be directly obtained 
from ray tracing by simple (usually graphical) 
integration. Notwithstanding the simplicity 
of direct calculations of phase differences, 
it will be found that the advantage lies with 
this graphical method. Incidentally it affords 
a convincing demonstration of the very small 
differences in tho conclusions to which (ifierent 
theories lead for the location of the best focus 
in tho presence of aberration, and thus justifies 
the recognised practice of usually disregarding 
the wave theory in calculating the details of 
construction of an optical system. 

§ (19) The Cosine Condition. — Investiga- 
tions have been made of the meaning to bo 
attached to definite departures from the sine 
condition, and the problem is of great import- 
ance in economising in the volume of ociloula- 
tions. Some of the conclusions derived are 
invaMatod by erroneous assumptions made in 
the course of the wort, and it will not be 
superfluous to inquire into the problem here. 
It is not necessary to assume that the system 
is symmetrical in any sense, and any reference 
pianos may be chosen for tho object and 
image spaces. 

(JoTiBidor three neighbouring rays (a), ( 6 ), and (c) 
which have respootively the initial and final direction 
cosines 

(a) L, M, N; M'-l-m', N'+5N': 

Cb) L, M, N; L', M', N': 

(0) L+5L, M+fiM, N-l-aN; Tj', W, N': 

and which intersect the reference planes in the points 


(a) 0 , 3 /, .. .. 

(h) 0, 3 /+S 3 /, e+Sz; 0, Js'+Sa': 

(fl) .. .. ; 0 , 3 / 

Add to E the suffixes a and c when M' -I- 5M', N' 
are to be substituted for M'' and and 
Nh-SN" for M and N respectively. Then 


, dE d'Ea 


and expanding Ea by Taylor’s theorem in terms of 
E and its dorivates 





3»E 

5mSn 




+ higher i) 0 'wer 8 of 5!M' and 8W. 


Similarly 


0»E 


0‘E 




also 


and 


, 0E 0E. 






0M3M' 


^0n9m:' 

a“E 




anaN' '^aN9if' 


Multiply these four expressions by 0M, 5N, dM', 8W 
and add. Then 


ILbym. -\-iJL8zm-\-pL'hJ8W -hfi/dzfdWr^O (67) 

to at least the third order in the small quantities 
8M, 511, 8W, dKf'. This relation contains the general 
result to be established since the directions of tlie 
axes are quite arbitrary, but it may be clearer to 
express it in a somewhat different form. 

If rays (a) and (c) satisfy a relation of the form 

cos cos . . . ( 68 ) 

where 6 and 6' are angles made with fixed straight 
lines in the object and image spaces respectively 
having direction eosines l,7n, n and V, wi', n' respect- 
ively, the expression of these two conditions in 
terms of the direction cosines gives 

l5L-+mdM. i- nS^ -f-jp(Z'5L' + ti'SK"') ™0, 

Now a general point on ray (a) is 

ph, y+/)M, «-l-/)N, 

and if this ray is displaced without rotation throngh 
a distance d in the direction I, m, n & point on the 
displaced ray is 

and a particular point is 

0, y 4 - 7 (L 7 n— MZ), a 5 -f-f(Ln-N'Z), 

L Jj 


and if tliis displaoed ray is identical with (i) 

dy - ~(Lm - M), dz (Li - NZ). 

L 1.1 

Similarly if ray ( 0 ) coincide with ( 6 ) when displaced 
through a distance d' without rotation 

Mr). Si!' -p(LV- N'i'). 

JLi L 

Substitute these values in (07), Then 

^(Z 5 L 4 wi 5 M 4 nd'N) 

4^'cZ'{Z' 5L' 4n'5N') 

-^(LSL-|-M«M+N5N) 

li 

+'*'^J(L'8L' 4M'SM' 4N'SN') 

Li 

4 third order quantities in 5M, 5N, 5N\ 

It follows that if these quantities are small all t^ya 
selected by obedience to the condition ( 68 ) will, if 
displaced in the object space a small distance d 
parallel to the first direction, be displaced through 
the distance p . fidj/jf parallel to the seoond direction 
in the image space. As the condition will in general 
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define an object and an image canstio, these caustics 
may be displaced without rotation or deformation 
in the given directions, provided the ratio of the dis* 
placements has the required value. 

The cosine condition (68), which has been ^tablished 
without any assumption relative to the aberrations 
present, includes as particular oases the various 
theorems described previously. If the system is 
83 nmnetrioal about an axis, the rays from points at 
lie some distance from the axis in a given object 
plane will be refracted similarly, and thus if 3 = 2 ' =0, 
(5z'fdz)^(i//y). iFor such a case equation (33) may 
bo applied, showing that jjMl/u/M' is ^e magnification 
perpendioalar to the plane containing the ray, and 
is by (67)^ the magnification in that plane. 

§ (20) MAGurmoAriON fob DisPiA-CHWCENr 
ALOJsra THB Axis. — Another case of import- 
ance relates to the magnification for displace- 
ment along the axis. If the axis itself is 
inclnded as one of the rays of the group to 
be considered, q must have the value 1 -j), 
and the axial magnification is vhere 

= (1 - cos 0)/(l - cos e') = (sin J^/sin 16')\ 
and for paraxial rays this becomes {//(3tlfi)\ 
where G is the transverse magnification. If, 
therefore, no change ia to be made in the 
spherical aberration for a small axial displace- 
ment the condition, to be satisfied is 

11' wa. 

It has been found that when there is freedom 
from aberrations at magnification G, E is 
an arbitrary function of I- This evidently 
implies that there is one degree of freedom 
remaining in the way in whioh the aberrations 
of every order are corrected, and this freedom 
may he interpreted in terms of the spherical 
aberration in the image of the stop. If these 
aberrations are assigned in addition to the 
position of the stop the properties of the 
entire system are fully determined. The most 
important case is when S = 1 and the stop is 
free from spherical aberration. In this case 

Ek= 

for if the reference planes are moved to the 
stop planes E becomes E', where 

Ev= 

+1^ s/rqT) - {I ^ G) 
and when N = N' this gives 

E '= 2 /= y '= 2 =^ 2!'=0 

for all rays. It -will he observed that there 
are here three points on the axis for which 
spherical aberration of all orders is removed 

^ It should he particularly noted that for use in 
the ordinary notation the third and fourth terms of 
(67) must have their slpcns changed, because the 
differentiala of the direction cosines belong to one 
ray for the object space and the other ray for the 
image space. 


— one for magnification G and two coincident 
points for magnification tiiiity. Tho equation 
for freedom from spherical aberration, of any 
order is necessarily of even order in tho 
magnification, so thore is at least ono other 
point where the aberration of any assigned 
order disappears. In general there is no other 
position for which the aberration vanishes for 
all orders. The first order aberration, for 
example, vanishes for the magnification 

1- 2G 

2- G' 

and the corresponding value for E/c is 




(i-2a)a 


n/1-(1) 

^1-G* , .. - 
+ 2-0 


from which it readily follows that spherical 
aberration of higher orders is present. 

• § (21) Si'ANDABD Forms fob AnBiiRA'noN 
Expansioiis. — Tho fact that entire frcedcim 
from aberrations for magnification G requires 
E to be a function of I only shows that all 
terms which have (MhT'-M'N) as a factor 
must vanish. This enables a numl)er of con- 
ditions to be written down without roforoiice 
to the magnification, and these conditions will 
be found to restrict severely the ty|)oa of 
system that oan satisfy tho conditions. Tho 
condition for tho first order alierrations, for 
instance, is ur = 0, and this condition has bt’jon 
associated with the name of Totzvah Tho 
difficulty of satisfying this and other conditions 
simultaneously is illustrated by tiie general 
experience that in oven the most highly 
corrected systems a compT 0 n\i 80 in necessary 
in consequence of which this (*.(>n<lition is 
usually far from satisfied. The example 
given of a case in which E is expressed in a 
finite form suggests that in systeniH which are 
well corrected thore should bo no ([uostion 
about tho oonvorgonoy of E or of its <lorivatefl 
when expanded in a series of ascending ptiwers 
of (1), (2), and (3), It follows that tho evalua- 
tion of the coefficients of tho terms in stu^h an 
expansion slumld in such a system give a 
reliable measure of tho outstanding aberra- 
tions. The converse, however, may in some 
instances not hold j it is quite concoivahlo that 
a system which has smiill values for the co- 
efficients of the terms of low orders may not 
ho satisfactory through tho corn^ssponding 
expansion for a part of tho systoni being 
divergent. It is thorofom important that 
systems of novel constru<‘.ti(>n eaUJulah'Kl by 
means of tho expression for thcs<» eoeffioionts 
should he choohed in a way which does not 
assume the validity of such an expansion. 
Such a chock is furnished by tracing Bcloctod 
rays through the system and <u)m [taring tho 
results with those found from tho earlier wf>rk. 
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It is oon-venient to have a standard fom for such 
expansions, and it is highly advantagoous to keep 
it symmetrical in form. Por this reason, instead of 
ohoosing os the roferonce planes a pair of object and 
image planes, the planes normal to the axis through 
the ^ principal foci ore selected. Apart from an 
additive constant, which is of no interest, E then 
takes the standard expanded form 

E/c- - (2) KA'(1)* - 4B'( 1)(2) -)-4C(2)* 

-f 2(C■^Gr)(l)(3) - 4B(2)(3) H-A(3)*] 
- terms of higher orders. 

Evidently if the light is reversed in direction, to 
secure similar results it is only necessary to inter- 
change A and A', B and B'. From their definitions 
C and ur will be symmetrical with respect to the two 
directions. Assuming that the external media are 
of unit index, the value of E when the reference 
points are in the pianos for magnification Q is found 
by adding - (1/G) ^/l - (l) - a Expanding 

and substituting from (^) gives 

4J.II in 

+4i.n> +2 {S, +nr(S- G)*}! Ill 

whore 


-1 - 0(4B +. I) H-2G*(SC +or) - G»(4:B' -(- 1)+Q*k', 
J,=A-G(3B+1)-|-Q*(30+®)-S»B' 

-S{B -G(30+tij)+0>(JB'41)-a*A'}, 
3, -A - G{2B+1)+0*0- 2S {B-G{2C + cr) +a*B'}- 
+S* {0 - G(2B' +1) 4G«A'}, 
3* - A - G(B + 1) - S{3B- G(3C 4®)} 

4S‘{304®-3GB'} -S‘-{B'41-GA'} 
35-A-S(4B41)42S*(3C4st)-S*(4B'41)4S*A'. 


Altomativ'ely, Biibstitation from (64) gives 

»Q» 

-G)* 

, (3..8.,g„3.,S.gS-Q)» 
*■ (S-9)‘ 

(8.-S„3.- 3,.3.- 3.,S.-5.-gS-a)« 


. „ S*-0 , „ S»Q> 


B S»-Q . _SG(S4G) 

® “(S-O)*"^ (S-Q)» 


(S-G)‘ 


SG 


(5i - 25a + ^ia. 5a- 25a + 5*, 5, - 23* 458 IfS - G)« 
(S-G)* 


B'» 


S»-G S4G 
“(S-G)»"^°'(S-G)* 

, (5i-35a43da-54, 52-35,4354- 5 b J fS-G) 
(S-G)* 


,, 1 S»-G 1 5,-45,465,-45445, 

^“G (S-G)»“^^<S-G)»’^ (S-GV 


and the same method readily expresses the aberra- 
tions W'hen S and G ore given in terms of the aberra- 
tions for other values S' and G'. 

Comparison of 5, and 5, shows that the meaning 
of the latter with relation to the stop corresponds 
to the meaning of the former for the object. Differ- 
entiation shows that 

in accordance with what has been found in (32). The 
first term gives the well-known paraxial laws, and 
the remaining terms correspond to aberrations. 
Writing 7)^ and for points in the final stop image, 
which will be given by 

N-SN'=^/f, 

the image defects are given approximately by 

- 3,{2ijV/+f'2')+/(’j'* 4^*)} 

+3. +2/(97y 4r*')} 

4er(S- G)*57'(/*+*'’)- 5<S/'(y'*4*'*)], 

with a corresponding expression for a'-G». 
Assuming that a point in the object plane 2=^0 is 
under consideration, inay be replaced by zero 
on the right, giving 

y'- <33' — - «y(3i>'*4r*) 

4 {35, 4 ra(S- G) •} 7 '/* - 6 ,y'‘], 

+r*)- sjn/vr 

4{3.4>J(S-G)*}ry'‘]. 

from which the oharaoter of the various aberrations 
is readily seen. All are familiar with the exception 
of that involving 6,^ the coma aberration, which is 
generally regarded as a rather mysterious effect. 
The displacements are directly proportional to the 
distance of the image point from the axis and to the 
square of the distance from the axis at which the 
aperture is traversed. The introduction of polar 
co-ordinates at the stop shows the character of the 
defect more readily, the y and js displacements being 
then proportional to 

2/'(/*+r'*)(5i+ cos 25), and 20 

respectively. A detailed discussion .of this aberra- 
tion will be found in the text-books on advanced 
geometrical optics. 

§ (22) Abbrratioit Coei’MOibstts fotjnt> by 
THE Hamiltonian Method, — ^T he comparison 
of the curvature terms with those found earlier 
shows that the oharacteristic relations for 
thin lenses in air are 

A-2B 40= 1, B-20 4B'=ur, C-2B'-i-A'= 1, 

and further oompaiiaon with the terms in 5j 
and 52 gives for this case 

y = 4C42ur4l. 

The Hamiltoniaii methods are sufiffoient in 
themselves for the determination of the aherra- 
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tion. coefiS-cients, by bmlding up those for a 
compound system in terms of the elements. 
If the system is divided at the foot of the 
perpendicular to the ray from an intermediata 
axial point, it foUo'ws from the definition, of E 
as a length that 

E — El •“ Ej = 0. 

Moreover, if the ray meets the plane through 
this intermediate point in y, 2 , these are given 
hy the equations 


aEx 

3B. 


■ 3(/JS)’ 

3E. 

3E. 




and therefore, since E is a function, of other 
■variables than M and IT, which concern the 
intermediate medium alone, 

and these give two equations for iM. and /iN 
in terms of the external variables. A similar 
process may, if desired, be applied to the 
external media. The substitution of the 
values for /aM and /ihf given by these equations 
in the equation for E solves the problem. 
The process is tedious rather than difficult, 
and one reason why other methods have been 
more successful in practice at once becomes 
apparen't — ^the equations present themselves 
in a form requiring reduction, •whereas other 
methods give them directly in their lowest 
terms. 

The same process may be applied to the 
oharaeteris'tic function, and indeed the forms 
of the two expressions are very similar, and 
when one is known the other can be written 
down at once. They each have special 
advantages as well as special disadvantages. 
The eikonal is particularly convenient in 
defying with problems concerning thin lenses, 
hut fails when the system becomes telescopic. 
If the eikonal is regarded as built upon the 
power Ki a symmetrical construction which 
remains finite for a telescope may be founded 
upon 0*/c/0/ci3/c„, but this breaks down in the 
case of a thin lens. The advantage rests 
with the system that has been followed here, 
as it is never essential to deal -with a telescope 
as a unit, hut a suitable division of the system 
may always be made in which the two parts 
are of finite focal length and the aberrations 
of which require to be suitably related. 

A convenient system of equations for the 
calculation of the coefficients of the eikonal is 


A=2gra^, 


L'=Eggr'h', 


where the summations extend over all surfaces, 
and 


_ T? , ,, T> 

(Jm. — 


dKffi 


,m f 

diCm \ 

T ✓ __ d Kfn,,n ( l^m,n ^ 


§ (23) Method of oheokinq the Rjesults. 
— In checking the reliability of the con- 
clusions reached by the approximate methods 
that have been described, it is convenient 
to have the terms representing aberrfational 
efiects separated from those which lare in 
accordance with paraxial laws. As a rule 
it is only necessary to consider rays which lie 
in a plane contaitiing tho axis, and theso rays 
may be rapidly traced by moans of the formulae 

sm^=sm 
yu'sin <j)^—fL sin 0, 

41; (sin <f> - sin 0 O(sin (f> ' + sin 

^ ^ sin“ fo' + (cos 0H-COS 0-f COB 0')* 

sin 0'=:sm 

and on transference to the next surface 

W 1-1 “ h'n + sill 0 tn, 

where h and are the porpondioulars to tho 
ray from the vertex of the surface before and 
after refraction, and sin 0^' is tho approximate 
value of the sine of the inclination after 
refraction given by the paraxial law 

sin 0o'= sin 0 + sin 0' — sin 0. 

It will be noted that tho aberration terms 
are those involving V“h» terms in 

the numerator of the expression for this 
quantity are the first order aberration terms. 
The magnitude of the denominator in com- 
parison with its paraxial value 8 gives the 
ratio of the terms of higher orders to tho first 
order values. Rays traced through by this 
method indicate directly where departures 
from the approximate expressions occur and 
what measures should bo taken to secure the 
most satisfactory compromise or, where poHsihlo, 
to secure thorough corrootion. Tlio only 
tables needed are a single-page, four- figure 
sheet giving the cosines from the sinea. It 
will be noted that the differences botwcon the 
cosines and unity occur as a small correcting 
factor in the aberrational expression, and tho 
four figures give approximately a degree of 
accuracy comparable with that obtainable 
from six- or seven-figure logarithms using tho 
ordinary trigonometrical method of ray tracing. 
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A consideration which will appeal strongly 
to the computer who is working continuously 
at ray tracing is the reduced mental demand 
the use of this method involves. It has been 
devised particularly for use where calculating 
machines are available, and it is only under 
these conditions that its special advantage 
will be realised. 

T. s. 


Optical Cokstais^ts, Table of, foe Typical 
Optioal Glasses. See “ Glass,” § (23). 


OPTICAL GLASS 

§ (1) Propbbtibs of Optical Glass. — ^T he 
material most generally used for the construc- 
tion of the prismatic and lenticular portions 
of optical instruments is glass. This is 
available in many varieties, all specially 
manufactured for the purpose from the purest 
materials obtainable, and so treated that the 
finished product is as transparent as possible 
for the whole visible spectrum and the con- 
tiguous spectral regions, is homogeneous, free 
from internal strain and from certain other 
defects. In certain types of glass the entire 
removal of some of the minor defects has not 
been found possible. For example, dense 
baryta crowns almost invariably contain 
throughout the whole mass of the melting 
a number of bubbles. If these are small 
and not too numerous they are of little conse- 
quence in instruments in which the employ- 
ment of these glasses is of special importance, 
and the glass-maker contrives to out out the 
larger bubbles and any pieces in which the 
bubbles are too numerous before moulding 
the remainder into plates or discs for the use 
of the lens - maker. Again, certain glasses 
which in other respects possess properties of 
great value are very liable to tarnish or even 
to decompose after prolonged exposure to the 
atmosphere, and their use is practically 
confined to combinations in which they can 
be cemented between two lenses of more 
durable glass. A few very dense flint glasses 
begin to absorb light strongly before the violet 
end of the spectrum is reached, and in consider- 
able thicknesses they are praotioaEy opaque 
to blue light. Their use is consequently 
confined to the construction of very small 
lenses, such as the lenses of microscope 
objectives of high power, where the short 
length of the path of light within the glass 
renders its strong absorption almost innoouous. 

Apart from the presence of objectionable 
qualities such as those just mentioned, 
particular types of glass are selected solely 
for their purely optical properties. The 
optical computer could desire the liberty to 
select arbitrarily the two principal properties 
of the glass he would use, the dispersion 


which controls the chromatic aberration, and 
the refractive index for a selected colour 
which determines the spherical errors of the 
instrument. Until new glasses were manu- 
factured at Jena by Schott u. Gen. the cb-oice 
was limited to glasses of a linear series- If 
/i is used to denote refractive index, and a 
suffix is added to distinguish the spectral line 
to which it relates, the dispersion is measured 
by the magnitude of v where 




V 


( 1 ) 


The older glasses obey a relation of the form 






( 2 ) 


where a and ^ are constants having the same 
values for all the glasses. 

Consider now an object glass made ixp of a 
number of t hin lenses in contact, eacli Mnd 
of glass satisfying the above relation.. Let 
R be the difference in the curvatures of a 
typical component, and write k for R 
adding a suffix when /u. carries one. From 
equation (1) 

S,Cp-S/Co=S^. . • (3) 

showing that the 0 and F rays will only be 
similarly refracted if 


s!^=0, . . . (4:) 

which is the usual condition for achromatism 
in a telescope objective. Multiplying both 
sides of (2) by /c^, 

ttS— +)32^2=2»Cd- • • (5) 

It is ordinarily essential for the condition (4) 
to be closely satisfied, so that the term in ^ 
disappears from (5). The quantity on. the 
right is the power of the system, and. the 
coefficient of a is the quantity which determines 
the curvature of the field. It follows that 
with such glasses there is no power to vary 
the curvature of the field of a thin objective. 

The realisation of the limitations implied 
by the relation (2), together with aixother 
property of optical glasses to be mentioned 
presently, induced a number of experimenters 
to search for glasses outside the region to 
which known types belonged. Among these 
Vernon Harcourt and Stokes may l>e men- 
tioned. Their investigations achieved only a 
partial success and led to no results of prUfOtioal 
utility. It turned out that they just missed 
success, largely through the want of such 
technical advice as a glass-maker could aifford 
Abbe, working in conjunction with Schott, 
an experienced glass manufacturer, succeeded 
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in overcoming the difficulties of making several 
novel varieties of glass in about two years. 
The results of their work were of such im- 
portance that the Jena glassworks were 
founded for the manufacture of the new 
glasses. A first list of forty-four types of 
glass was published in 1886, of which nineteen 
represented glasses of novel optical position. 
Other lists have been issued since at various 
dates, and taking aU the lists together glasses 
have been listed in the regions indicated in 
Fig, 1, which shows a very different state of 



affairs from the hyperbolic line which repre- 
sented the glasses obtainable earlier. 

The most important of the new varieties 
have been : 


Phosphate crowns 
Barium phosphate crowns 
Boro-silicate crowns 
Dense barium crowns 
Borate fUnts 

Baryta light flints . . 

Telescope crowns . . . 

Telescope flints . . . 

Fluor crowns .... 


y- First introduced 1886 


J 

First introduced 1888 
ft tf 1902 

„ 1906 

„ „ 1913 


Of these glasses much the moat remarkable 
in their properties were the phosphate glasses 
and borate flints of the first list. These have 
all been found to be unstable and have been 
withdrawn. In successive lists it will be 
noted that there has been a general tendency 
to continue to withdraw the more extreme 
glasses, and it may be inferred that stable 
glasses have not yet been made having 
extreme properties in desirable directions. 

§ (2) lRRi.TIONAJJ[TY OF DISPERSION.— The 
production of glasses not constrained by the 
normal relation between refractive index and 
dispersion is the most notable permanent 


result of the work of the Jona glassworks. 
But though the importance of this achieve- 
ment was not una])prociatod, novortheloss it 
was not the prime motive which inajnrod the 
researches of Harcourt, Stokes, and Abbe. 
Much more attention was given in those 
investigations to the production of glasses 
with a considerable difference of dispe^rsivo 
power, but with a similar division of the 
dispersion for various parts of the spectrum. 
If two prisms are made from an ordinary 
crown and an ordinary flint so as to x>r<5duco 
as closely as possible the same angular dis- 
persion in the neighbourhood of the region of 
the spectrum to which the eye is most sensitive, 
it will be found that the (jrown j)ri8m will 
have the greater dispersion between this 
region and the red end of the spectrum, while 
the flint will produce the greater dispersion 
between this central region and the blue end 
of the spectrum. The oonsoquonoo of this 
irrationality of dispersion is that a tolesoopo 
objective, instead of bringing light of all 
visible wave-lengths sensibly to the same focus, 
has a minimum focal length for some wave- 
length which may bo chosen hy the designer, 
and for wave-lengths towards the ends of the 
spectrum the position of focus is so different 
that images in light of those colours will not 
be seen. Moreover, the longer the focal length 
the greater is the defect, so that it is parti- 
cularly serious in all largo refracting teloHCopes. 
The relatively advanced degree of develoj)- 
ment of astronomical instruments at an early 
stage in the evolution of optics led to early 
recognition of this fault, and thtis it naturally 
called for the attention of those who sought 
to improve optical glass. The importance of 
the other direction in which freedom was 
desired, the removal of the restricjtlon exprosswl 
by eq.uation (2), was only recognised ns of 
considerable importance with tlio develop- 
ment of photography. 

From equations (1) and (3) it is evident 
that in a system for which 0 and K have 
a common focus, so that oqiiation (4) is 
satisfied, the focus for some other lino, 
say X, will coincide with ( ' and F if all the 
glasses have the same value for 

A ready index of the suitahiUty of two glasses 
for producing very perfect colour corrwstion 
will thus be afforded by tabulating them\ 
ratios where X is made to agree in turn with 
a number of spectral linos. Such ratios arc 
given in the lists issued by glasH-makors, the 
usual ratios chosen being 

- My 
/“p-Mo 
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It is not easy, however, from, an examination 
of these figures, which must be given to three 
decimal places to be of practical utility, to 
realise what has actually been achieved. An 
alternative method will therefore be adopted 
which will show the degree of uniformity 
clearly with the aid of the minimum number 
of figures. The method has the further merit 
of leading directly to a number of conclusions 
of considerable importance. 

A rough examination of the figures of the 
glass lists will show that the change of dis- 
tribution of the dispersion runs fairly uni- 
formly with V. We may, therefore, fit a 
formula of the type 

^ = (^p •“ 

to the glasses as a whole for the various 
spectral intervals, and tabulate the outstand- 
ing corrections which must be made to the 
calculated dispersions to equal those observed. 
It is preferable to apply this method to the 
actual differences of refractive index rather 
than to the calculated ratios, for the former 
are likely to be more accurate and the errors 
of the measurements are approximately 
constant in index differences. As a basis it 
is important to employ a list which includes 
many varieties of glass, both ordinary and 
new tjrpes, and the list should, be critically 
examined for any internal evidence of un- 
reliability in the figurea The various Jena 
glass lists, though not entirely free from error, 
will be found the most satisfactory for the 
purpose, and these lists have been utilised in 
preparing the following tables. 

The formula for the refractive index of any 
given wave-length now becomes 

where a and b are functions of the wave- 
length only and e is the divergence from 
normality. When the wave-length for the B 
line is substituted into the formulae for a and 
b they must both vanish. Moreover 6 has 
the same value for the. C and F lines, and for 
these lines a has values differing by unity. It 
is found that the outstanding values of e are 
small if the following values are adopted for 
these constants : 


Line. 

Wave-longth. 

a. 

6. 

A' 

0-7682 

-•644 

- -00167 

C 

0-6663 

-•269 

- -00046 

B 

0-6893 

0 

0 

F 

0-4861 

•731 

-•00046 

Q' 

0-4341 

1-404 

- -00223 


It is important to notice the meaning to 
be attached to 6 in lenses composed of glasses 


having e=0. By addition for the various 
glasses (6) gives 

S/f=a(S/Cp-S/CQ) -1-(1 • (7) 

Thus in a system achromatised for 0 and P 
the power for any particular wave-length is 
l-h6 times that for the B line. Thus b 
measures the so-called secondary spectrum, 
and this is invariable for combinations of 
normal glasses forming a thin lens. It wiU 
be seen later that b assumes small positive 
values somewhat on the short wave-length 
side of the D line, so that the extreme variation 
of the focus is somewhat greater than the 
preceding figures suggest. By simple trans- 
formation the reference position may be chosen 
at any other part of the spectrum in place of 
the B line, and the precise typo of chromatic 
correction may also be chosen arbitrarily, 
without altering the general character of the 
chromatic relations. The equation to the 
secondary spectrum can readily be found 
under any assigned conditions by expressing 
6 as a function of the wave-length. 

§ (3) Rui’RA.OTrvB Index and Wave- 
length. — ^M ost attempts at fitting a formula 
to express the refractive index of glass as a 
function of the wave-length appear to have 
been based upon the study of a few glasses 
for which the indices have been observed for 
a large number of lines. Such a method is 
doubtiess satisfactory for the particular glasses 
to which the formula is fitted, but it almost 
invariably happens that these formulae f^ 
seriously when applied to normal glasses in 
general. The fact that a formula such as (6) 
expresses a relation which holds within narrow 
limits for such glasses indicates that a high 
degree of accuracy can he attained from a 
formula which involves only two distinct 
functions of the wave-length. To determine 
these functions let the term in be 

eliminated from the equations, and to obtain 
a good distribution of the observed points let 
only /Iq, ytcp, and outer into the equation 
so obtained. The relation is evidently 

(V ” ^A') “ (^0 “ 

“b {(®o " ‘*A')(^a' “ ~ *” "" ^a'H 

or, numerically, 

+ 122(/*c^. - My) = 131 (mf “ /^o)- 

A shorter very approximate relation is 

“ ^A') ^ “ ^o)* 

Now the glasses have two quite distinct 
degrees of freedom, but all obey this relation. 
It follows that each function of the wave- 
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lengths must obey this relation separately. 
The great majority of the fimctions that may 
be proposed may be ruled out of court at 
onoe since this relation is not satisfied by them. 

A class of functions which may be considered on 
account of their simplicity is that where the wave- 
length occurs to some power n. As is given diSerent 
values, the value assumed by 

178 {(*6663)"- (*7682)"} - 131 {(-4861^- (-eSCS)"} 

■fl22{(-4341)«-(4861)"} 

or 

122( 4341)" - 263( -4861 )" 4- 309( -6663)" - 178( •7682)" 

may be plotted. It is found that the resulting curve 
(see F%q. 2) crosses the zero line for two values of 
viz. — 0-91 and -3-40. The corresponding formula 
for the refractive index is readily seen to be 

s=s {•226(/Ap— /iQ)-|-‘0062(;Xjj-l)k _.9i \ -.ai 

+ {•774(/tj— ■0062 (/Ajj— 1)K -s‘.4* 

and from this the equation to the secondary spectrum 
for any type of correction is deduoihle without 


with 6 = 4-0-00008, and when D and G' aro united 
as for photographic purposes, 6 takes tho values 

= _ .00263, &p= 4--00071, 

-00088, &Q/=0, 

=»0, ftiiiax, “ + -0007 1 at \ *=» -4972^, 

The formula found above shows {Fig. 3) that of 
those hitherto proposed Conrady’s ^ second form 

//. =)Lto ^ 4" - 

is that of most general utility when only two functions 
are employed. If tho Cauchy form 

were assumed, the relation 

494(/to - +246(/l<3^/ - /ip) «300(/Xp - yUo) 

would be obeyed ; it may be shown that no glass 
obeys this law, and the formula will therefore be 



Fia. 2. 

unroliahle when applied to tho dispersion of glass. 
Other formulae may readily bo found wliioh will 
obey the actual law as accurately as that already 
determined, but iu view of the simplicity of this 
result and tho present degree of accuracy in rofraoto- 



280 


540 550 


600 

thrfo* 

Fia. 3. 

r^Fluorite. B^Bocksalt. S=Sylvite. 


650 


difBoulty. When 0 and F are brought together the i metric observations there is little gain to ho expected 
minimum focus is found at wave-length X =0-6668 therefrom. 

‘ The solution w=»0 is, of course, valueless. I * Monthly Notices, IIA.S. Ixiv. 400. 
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§ (4) Table of Properties. — In the follow- 
ing tables the glasses, as usual, are arranged 
in the order of their v values. The type 
number is given first — 0. indicates that the 
ordinary procedure is followed in manufacture, 
S. that the glass is made in special pots on 
a small scale only. As the history of the 
glass is of interest, the date of introduction 
is given, and if the glass has since been 
withdrawn the date of withdrawal also. 

For brevity the lists are denoted by letters, the 
dates being as follows : 


1880 

1888 

1892 


A 

B 

CJ 


1002 

1905 

1913 


D 

E 

P 


Where two letters appear, the earlier indicates 
the list in which the glass is first mentioned, the 
latter the first list from which the glass is omitted. 
In the descriptions of the glasses the following 
contractions are used : 


Ba. Barium 
B. Borate 
BS. Boro-silicate 
Cr. Crown 
d. Dense 

D. Densest 
A. Dispersion 

E. Extra 

F. Fluor 
FL Flint 

G. Glass 


h. High 
1. Low 

L. Light 

M. Medium 

O. Ordinary 

P. Phosphate 
1^. Silicate 

T. Telescope 
UV. Ultra-violet 
Z. Zinc 
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Type. 

Description. 

0. 21G4 

Cr.LAt. 

0. 13 

Pot. S. Cr. 

0. 16 

Z. S. Cr. 

0- 211 

D. Ba. S- Gr. 

0. 709 

Z. Soda Cr. 

0. 3376 

Soft S. CJr. 

0. 3561 

Z. S. Cr. 

0. 163 

S. Cr. 

0. 1209 

D. Ba. Cr. 

0. 6970 

D. Ba. Cr. 

0. 114 

Soft S. Cr. 

0. 197 

B. S. G. 

0. 1616 

D- Ba. Cr. 

0. 2994 

D. Ba. Cr. 

0. 7660 

Ba. L. FI. 

0. 3961 

D. Ba. Cr. 

0. 7336 

Ba. L. FL 

0. 3775 

D. Ba. Cr. 

UV. 3248 

i DV. FI. 


Introduced and 
withdrawn. 


0. 463 

Ba. L. FI. 

0. 202 

D. Ba. S. Cr. 

S. 35 

B. FL 

0. 6878 

D. Ba. Cr. 

0. 608 

Cr. h. A. 

0. 3419 

T. FL h. v. 

0. 4679 

D. Ba. Cr. 

0. 262 

B. FL 

0. 722 

Ba. L. FL 

0. 6799 

D. Ba. Cr. 

0. 846 

Ba. L. FL 

0. 602 

Ba, L. FL 

0. 2001 

T, FL 

0. 3439 

T. FL 

iliS 

Cr. h. A. 

S.G. 

0. 683 

Ba. L. FL 

0, 3422 

T. FL 

S.8 

B. FL 

0. 643 

Ba. L. FI. 

0. 627 

Ba. L. FL 

0. 3338 

T. FL 1. p. 

0. 164 

BS. FI. 

0. 2016 

D. Ba. Cr. li. A. 

0. 676 

Ba. L. FL 

0. 214 

S. G. 

0. 622 

Ba. L. FL 

0. 7821 

BS. FL 

0. 726 

E. L. FL 

0. 6241 

0. L. FL 

0. 161 

BS. FI. 

0. 678 

Ba. L. FI. 

0. 378 

E. L. FL 

0. 364 

BS. FI. 

0. 6296 

0. L. FL 

S.7 

B. FL 

0. 1266 

Ba. L/. FI. 

0. 154 

0. L. FL 

0. 376 

0. L. FL 

0. 230 

S. FL h. yO. 

0. 276 

0. L. FL 

0. 669 

0. L. FL 

0. 340 

0. L. FL 

0. 184 

0. L. FL 

S. 17 

d. B. FI. 

0. 748 

Ba. FI. 
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Type. 

Description. 

Introduced and 
withdrawn. 

V. 



B 

n 

■ 

’ 0.318 

0. L. FI. 

B 

38-3 

6031 

1676 

- 2 


- 1 

S. 10 

d. B. FI. 

A:D 

380 

6797 

1787 

-11 

- 6 

- 24 

0. 118 

0. FI. 

A 

36-9 

6129 

1660 

- 1 

- 2 

- 2 

0. m 

0. FL 

A 

36-6 

6169 

1691 

- 3 

- 2 

- 2 

0. 32Ufl 

I). Ba. FI. 

D 

36-3 

6670 

1809 

+ 1 

-1- 2 

-i- 8 

0. 103 

0. FI. 

A 

3G-2 

6202 

1709 

- 1 

- 1 


0. 38113 

0. FL 

E:F 

36-9 

6223 

1731 

-f 3 

4- 2 

+ 6 

0. 93 

0. FI. 

A 

36-8 

6245 

1743 


- 3 

- 2 

0. 8131 

0. L. FI. 

F 

36-7 

6246 

1762 

+ 2 

-1- 1 

4- 3 

0. 910 

0. FL 

D 

35-7 

6316 

1770 

+ 6 

H- 1 

4- 7 

0. 2C(5 

0. FL 

B;D 

35*4 

6287 

1776 

- 1 

-f 1 

+ 4 

0. 335 

d. FL 

B 

34-8 

6372 

1831 

+ 3 

- 2 

4- 3' 

0. 102 

d. FL 

A 

33*8 

6482 

1919 


- 2 

4- 3 

0. 192 

d. FI. 

A 

320 

6734 

2104 

+ ’2 

- 1 

4- 6 

0. 4:1 

d. FL 

A 

29-6 

7174 

2434 

+ 6 

4- 2 

-1- 13 

0. 113 

d. FL 

A 

28-4 

7371 

2600 

-fll 

4- 3 

-1- 16 

0. 165 

d. FL 

A 

27-6 

7541 

2743 

-f-11 

-H 3 

-1- 21 

0. 198 

1). FL 

A 

26-6 

7782 

2941 

-1-11 

-H 6 

4- 32 

S. 228 

D. FL 

D:E 

21-7 

9044 

4174 

4-28 

4-12 

4- 90 

K 57 

D. FL 

A:D 

19*7 

9626 

4882 

-1-70 

4-22 

4-169 


It should be noted in coiiHidoring the values 
of the 6*8 that the dispersions are supposed to 
bo correct tt) 12 units in the fifth decimal 
place. An error of this amount in the meas- 
ured value of introduce an 

error of 3 in the calculated value of ju.Qf, and 
as there might ho an error in the measurement 
of /Aq/ - yUjj of 2, it is possible for an error of 6 
units to appear in the last column without 
any actual deviation in the ghias from normal 
behaviour. The figures suggest that errors 
only roach such a magnittiflo in on© or two 
isolated oases, a chock being obtained by 
comparing the behaviour of any glass with 
the normal properties of other glasses of the 
same type, and particularly with those of 
neighbouring optic‘<al i) 0 Hition. If glasses of 
higher iiub^x than 1*7 be exce])t0(l in addition 
to those that havt^ been withdrawn on account 
of their instability, tlu^ro remain very few typos 
whose departure from th<^ normal distribution 
of the dis[)orHion exece<lB the experimental 
errors of the lueasuremcnts. It may thus 
bo said that, apart fronn uiistnhki types, pra(5ti- 
oally no sueeess has been achieved in the 
manufacsture of glass suitable for the elimina- 
tion of s(HU)n<lary spectrum. For all stable 
glasses the dispersion formula already men- 
tioned is sufiicacmtly aecuraiiC, but for spooial 
glasses sii(‘.h as l)orate Hints an additional 
term in the formula is necessary. 

It is not nriirnportant to note what values 
are required in the c*h for two glasses to be 
used for a thin a(diromatic lens to enable the 
secondary speetruui to ho eliminated. Let 
the outstanding c’s bo divided into two 
pf)rtionH, the one ])roportional to the medium 
(lispersicins of ilu^ir glasses, the rest propor- 
tional to tlm refracting power hut of opposite 


sign in the two glasses. The former portion 
may he neglected, sine© it simply gives a 
corrected value to a in formula (6). The 
indices may now be written in the form 

and therefore 

for an achromatic combination. There will 
be no secondary spectrum if 6-1- c=0 for all 
colours. Since 6 is negative for the reference 
lines other than B, the €*e must be positive 
for the crown lens and negative for the flint. 
Taking 1-55 as a mean value for both indices, 
the €*B of each lens must depart from the 
normal to the following extents for the v 
values shown to bring the focus for the lines 
indioated to the same position as that for the 
D line: 


V. 





70 

30 

37 

10 

60 

06 

35 

28 

7 

37 

60 

40 

18 

f) 

25 

65 

46 

9 

2 

12 


Since there are no crown glasses available 
which are above normal even as much as is 
indioated in the last rows of figures, the 
greater part of the correction will have to 
bo homo by the low values of the flint glass. 
These figures indicate clearly that a v difference 
of approximately 10 was the extent of the 
achievement reached for objectives without 
secondary spectrum even with unstable glasses, 
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The following table gives the mean values of results obtained by various observers (Landolt-Bomstoin Tables, 
made at the Reiohsanstalt {Z. /. I7i8tni.menienku7i4e, 1920, xl. 94 ) ; they are for a tomporafcuro of 20° C. and refer 
rook salt and sylvite are for a temperature of 18° C. For parbioulars with regard to the positions of infra-red 

Tablbj I. — Rbiuaotive Jn-dicbs 


0 « ordinary ray. 



Calclte (CaCO,). 

Fluorite (CaFa)* 


"Wavc-iength. 

0. 

E. 

Wave-length. 


Wave-length. 



fjfM. 



fXIX. 


IX.fl, 



1990 


1-67796 

A1 185-4 

1-6100C 




Au 200-1 

1*90284 

1-67649 

A1 193-6 

1-60137 




Au 204-5 

1-88242 

1-67081 

Al. 199*0 

1-49628 

«• 



Au 208-2 

1-86733 

1-56640 

Zn 202-6 

1-49326 




2n 210-0 

1-86081 


Zn 206-2 

1-49033 




Cd 214-4 

1-84684 

1-56990 

Zn 210-0 

1-48763 




Cd 219-5 

1-83082 

1-55611 

Cd 214-4 

1-48461 



'3 
'C . 

Cd 226-5 

1-81306 

1*64924 

Cd 219-5 

1-48164 




Cd 231-3 

1-80245 

1*54654 

Cd 226-5 

1*47758 



h 

Ag 244-6 

1-7796C 

1*63731 

Cd 231-3 

1*47622 



p 

Cd 267-3 

1*76056 

1-63017 

Ag 244-6 

1*46966 




Cd 274-9 

1*74152 

1-62272 

Cd 267-3 

1*46481 




Sn 303-4 

1*71959 

1-61366 

Cd 274*9 

1-46967 




2n 330-3 

1*70616 

1-60746 

Su 303-4 

1*45338 




Cd 361-1 

1*69317 

■ 1-60224 

2a 330-3 

1*44907 




•* 

•• 

•• 

Cd 361-1 

1*44634 




/A/i. 



/AyU. 


fXfX, 



A1 396-2 

1*68330 

1*49777 

Al 306-2 

1*44219 

Hg 404*7 

1-44151 


H 434-1 

1*67661 

1*49428 

H 434-1 

1 *43962 

Hg 435*8 

1-43949 


H 486-1 

1*60786 

1*49073 

H 486-1 

1*43707 

Ho 447*2 

1-43887 


Cd 608-6 

1*66527 

1-48969 

Cd 508-6 

1*43620 

Zn 472*2 

1-43764 


Fe 627-0 

1*60341 

1*48871 

F© 627-0 

1-43657 

H 486*1 

1*43704 


Cd 633-8 

1-66276 

1-48842 

Cd 633-8 

1-43536 

He 601*8 

1 •43043 

3 , 

Pb 660-9 

1*60046 

1*48735 

Hg 546-1 

1-43497 

C^d 508-6 

1-43617 

■S 

Ifa 589-3 

1*65837 

1*48641 

Pb 660-9 

1-43457 

Hg 646-1 

1-43490 

> 

H 656-3 

1*66440 

1*48458 

Na 689-3 

1 -43385 

Hg 578-0 

1-43410 


Li 670-8 

1*66369 

1*48431 

H 666-3 

1-43251 

Na 589-3 

1-43383 


He 706-5 

1*65207 

1*48353 

Li 670-8 

1-43226 

Zn 636-2 

1-43284 


K 768-2 

1*64974 

1*48268 

H© 706-5 

1-43171 

Cd 643-!) 

1-43271 


Rb 796-0 

1*64886 

1*48216 

K 768-2 

1-43094 

H 666-3 

1-43248 

< 


•• 


Rb 796-0 

1-43064 

Ho 706-6 

1-43109 


/X. 



yU. 





0-8326 

1*64772 

1*48176 

0-8840 

1-42981 

0-7707 

1-43088 


0-9047 

1*64678 

1*48098 

1-1786 

1-42788 

0-8191 

1-43037 


0-9914 

1*64380 

1*48022 

1-3766 

1-42690 

0-0610 

1-42919 


1-0973 

1*64167 

1*47948 

1-6716 

1-42596 

1-0022 

1 -42835 


1-2288 . 

1*63926 

1*47870 

1-7680 

1-42505 

1-1660 

1-42799 


1-3070 

1*63789 

1*47831 

1-9153 

1-42434 

1-1780 

1-42787 


1-3968 

1*63637 

1*477 89 

2-0626 

1-42358 

1-4410 

1-42058 


1*4972 

1*63457 

1*47744 

2-3673 

1-42204 

1-6382 

1-42565 


1-6087 

1*63261 


2-6619 

1-42017 

1-7.340 

1-42520 

t 

1-6146 

. , 

1*47695 

2-9466 

1-41824 

1-7079 

1-42504 

g ■ 

1-7487 


1*47638 

3-2413 

1-41611 

2-034.3 

1-42373 


1-7614 

1*62974 


3-6359 

1-41377 

2-1843 

1-42293 


1*9085 


1-47573 

3-8306 

1-41119 

2-3121 

1-42222 


1*9467 

1*62602 


4-1252 

1-40854 

2-3672 

1-42197 


2*0631 

1-62372 


4-714C 

1-40237 

2-6460 

1-42086 


2*0998 

. . 

1-47492 

6-3036 

1-39528 

2-5764 

1-42068 


2*1719 

1-62099 


6-8932 

1-38717 




2*3243 

. . 

1-47392 

6-4826 

1 -37817 




.. 



7 -6612 

1-35680 




.. 


.. 

8-8398 

L -33079 




.. 


•• 

9-4291 

1-31612 
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4th ed,, 1912, 969-973). The second column of values for fluorite are the results of recent moasuroments 
to air at 20® 0., 700 mm. pressure, and 9 mm. absolute humidity. The other values for fluorite and those for 
absorption bands and the limits of transmission reference should be made to the Landolt-Bdmstoin Tables. 

OB' Transparent Crystals 


E » extraordinary ray. 


Quartz (SiO*). 

Eoclc Salt (NaCl). 

Sylvite(Za). 

Wavo-longth. 

0. 

E. 

Fused. 

Wave-length. 


Wave-length. 


m 




/A/i. 


/A/i. 


A1 1864 

1-67680 

1-68997 

1-67464 

A1 186-4 

1-89332 

A1 186-4 

1-82704 

A1 193-6 

1-66996 

1-67343 

1*66003 

A1 193-6 

1-82809 

Au 197 

1-73114 

A1 199-0 

1-66090 

1-60396 

1-66201 

A1 199-0 

1-79680 

A1 199-0 

1-72432 

Zn 206-2 



1-64271 

Au 200-1 

1-79016 

Au 200-1 

1-71864 

Cd 214 4 

1-63041 

1-64206 

1-63392 

Au 204-6 

1-76948 

Au 204-6 

1-69811 

Od 219 -6 

1-62496 

1-63701 

1-62910 

Au 208-2 

1-76413 

Au 208-2 

1-68302 

Cd 226-5 



1-62306 

Cd 214-4 

1-73220 

Cd 214-4 

1-66182 

Cd 231-3 

1-61400 

1-62660 

1-61937 

Cd 219-6 

1-71710 

Cd 219-6 

1-64739 

Ag 244-6 


, . 

1-61090 

Cd 226-5 

1-69906 

Cd 224-0 

1-63606 

Cd 267-3 

1-69624 

1-60713 

1-60371 

Cd 231-3 

1-68843 

Cd 231-3 

1-62037 

Cd 274-9 

1-68762 

1-69812 

1-49013 

Cd 267-3 

1-64611 

Au 242-8 

1-60041 

Sn 303-4 


. , 

1-48688 

Cd 274-9 

1-62692 

Cd 257-3 

1-58119 

Zn 330-3 


. , 

1-48061 

Cd 298-1 

1-61226 

Cd 274-9 

1-60380 

Cd 3404 

1-60743 

1-67739 

1-47877 

Cd 340-4 

1-68620 

A1 308-2 

1-54130 

Cd 361-1 

1-60347 

1-67322 

1-47611 

Cd 36M 

1-57861 

Cd 340-4 

1-62720 



•• 

•• 

•• 

-• 

A1 358-7 

1-62109 





/A/t. 




A1 394-4 

1-66846 

1-66806 


Cd 441-4 

1-65962 

A1 394-4 

1-61213 

A1 396-2 


. . 

1-47064 

H 486-1 

1-66340 

H 434-1 

1-50493 

H 4341 

1-66397 

1-60340 

1-46688 

Fo 627-0 

1-54916 

H 486-1 

1-49835 

H 486-1 

1-64907 

1-66897 

1-46317 

Hg 646-1 

1-64746 

Cd 608-6 

1-49610 

Cd 608-(i 

1-64822 

1-66746 

1-46190 

Pb 600-9 

1-54629 

Hg 646-1 

1 49313 

Eo 627-0 


. . 

1-46099 

Na 689-3 

1-64432 

Pb 660-7 

1-49212 

Cd 633-8 

1-64680 

1-66699 

1-46067 

H 656-3 

1-54068 

Ha 689 -3 

1-49038 

3?b 600-9 


. . 

1-46961 

Li 670-8 

1-64002 

H 666-3 

1-48721 

Na 689-3 

1-54424 . 

1-66334 

1-46846 

Ho 706-6 

1-63863 

Li 070-8 

1-48663 

H 666-3 

1-64189 

1-66091 

1-46640 

K 768-2 

1 -53606 

K 768-2 

1-48374 

Ho 706-6 

1-64060 

1-64949 

1-46616 


, , 


, , 

K 708-2 

1-63904 

1-64797 

1-46389 


, , 

. . 

. . 

Eb 796-0 

1-63861 

1-64742 

1-46340 


•• 


•• 





fX. 


/W. 


0-8007 

1-53834 

1-64725 


0-8840 

1-63401 

0-8840 

1-48132 

0-8071 

1-63712 

1-64608 


0-9822 

1-63245 

0-9822 

1-47998 

O-94(J0 

1-63583 

1-64404 


1-1780 

1-63037 

M786 

1-47821 

1-0417 

1-63442 

1-64317 


1-6661 

1-62821 

1-684 

1-4766 

1-1692 

1-53283 

1-64162 


1-7080 

1-62744 

1-7680 

1-47679 

1-3070 

1-53000 

1-63961 


2-3673 

1-62686 

2-3673 

1-47466 

1-3086 

1-63011 

1-63809 


3-6369 

1-62317 

3-6369 

1-47296 

1-4219 

1-62942 

1-63790 


4-1262 

1-62164 

4-126 

1-4721 

1-4072 

1-62842 

1-63602 


6-0092 

1-61898 

6-3039 

1-46991 

1-6087 

1-62687 

1-63629 


6-4826 

1-61366 

0-482 

1-4078 

1-6816 

1-62683 

1-63422 


7-6611 

1-60832 

7-080 

1-4060 

1-7014 

1-62408 

1-63301 


8-8398 

1-60204 

7-661 

1-4646 

1-9467 

1-62184 

1-63004 


10-0184 

1-49472 

8-8398 

1-40076 

2-1719 

1-61799 

1-62609 


12-9660 

1-47172 

10-0184 

1-45CG2 

2-69 

1-6101 



14-1436 

1-46066 

12-906 

1-44386 

3-03 

1-4987 



16-3223 

1-44749 

14-144 

1-43712 

3-40 

1-4879 



16-9116 

1-44103 

16-912 

1-42607 

3-80 

1-4740 



17-93 

1-4161 

17-68 

1-41393 

4-00 

1-4020 



20-67 

1-3737 

20-60 

1-3882 

66 

2-18 

• • 


22-3 

1-3406 

22-60 

1-3692 






324 


OPTICAL GLASS 


and that appreciable reduction with present 
glasses can only be obtained by the use of 
abnormally steep curves. They further in- 
dicate the character of the chromatic focal 
relation to be expected in objectives corrected 
for secondary spectrum. In the outer parts 
of the spectrum there will be a tendency to 
approximate more closely to the normal type. 
Thus there is a general flattening of the focal 
curve, with four points in which the selected 
plane is crossed, not three as is usually stated. 

Tablb II.— Rbfbaotivb! IirnioBS 


objective that can bo made. The alternative 
is to have recourse to lenses of more complex 
structure in which an essential part in the 
correction is played by the separations of the 
components. That correction may bo achieved 
in this way is readily seen. For consider a 
system built up of a number of thin achromatic 
lenses of ordinary glasses, separated from one 
another. Each of these produces a similar 
secondary spectrum, that is to say they behave 
as lenses all of the same kind of glass with 

or Specimens op OmoAL Glass 



- 




Type of Class. 





Wa-ve* 

length. 










S. 204. 

0. 1161. 

s. ira. 

0. 451. 

0. 1442. 

0. 409. 

0, 500. 

s. 


/IfM. 









/ 

276-3 

1-66027 

.. 


.. 






283-7 

1-56648 

. . 


.. 






288-0 

1-66437 








o 

298-0 

1-56005 

1-67093 


1-66397 






308-1 

1-64626 

1-56568 


1-64453 






313-3 

1-54444 

1-66307 


1-64024 

l-65‘254 





326-1 

1-54046 

1-66770 

1-69138 

1-63134 

1-64764 

1-73246 




340-4 

1-63660 

1-65262 

1-68776 

1-62320 

1-64271 

1-71968 

1-85487 



346-6 

1-63609 

1-66068 

1-58632 

1-62008 

1-64077 

1-71486 

1-84731 


\ 

3611 

1-63196 

1-54664 

1-68330 

1-61389 

1-63683 

1-70636 

1-83263 


lifi. 









f 

434-1 

1-52092 

1-63312 

1-67273 

1-59355 

1-62320 

1-67661 

1-78800 

1-94403 


467-8 

1-61769 

1-62903 

1-66949 

1-68772 

1-61891 

1-06726 

1-77609 

. . 


480-0 

1-61662 

1-62782 

1-66847 

1-68694 

1 -01770 

1-60482 

1-77260 

. . 


486-1 

1-61610 

1-62715 

1-66794 

1-58516 

1-C1706 

1-06307 

1-77091 

1-91800 


608-6 

1-61447 

1-52625 

1-66043 

1-68247 

1-61604 

1-05079 

1-70539 

. . 


634-9 

1-61287 

1-62327 

1-66476 

1-67973 

1-01292 

1-65()01 

1-76995 

1-00262 

> 

689-3 

1-61007 

1-62002 

1-56207 

1-67524 

1-60966 

1-64985 

1-76130 

1-88995 


666-3 

1-60742 

1-61712 

1-66967 

1-67119 

1-00044 

1-64440 

1-74368 

1-87893 

V 

768-2 

1-60420 

1-61368 

1-66661 

1-56669 

1-00277 

1-63820 

1-73530 

1-86702 

/ 

IM. 

0-8 

1-6044 

1-6131 

1-6665 

1-6669 


1-0373 

1-7339 

1-8650 


1-0 

1-6009 

1-6096 

1-6622 

1-6616 


1-6315 

1-7204 

1-8541 


1-2 

1-4979 

1-6069 

1-6497 

1-6685 


1-6277 

1-7216 

1-8481 


1-4 

1-4960 

1-5048 

1-5476 

1-6669 


1-6246 

1-7180 

1 -8433 

s 

A 

1-6 

1-4919 

1-6024 

1-5462 

1-6636 


1-6217 

1-7151 

1-839<J 


1-8 

1-4884 

1-4999 

1-6424 

1-6512 


1-6193 

1-7127 

1 •8;WM 


2-0 

1-4845 

1-4973 

1-6390 

1-6487 


1-6171 

1-7104 

1 -8334 


2-2 


. . 


1-5463 


1-(;15() 

1-7082 

1 -8310 


2-4 

•- 

•• 

•• 

1-6440 

•• 

1-C131 

•• 

1-8286 


The failure of the attempt to manufacture 
stable glasses which will enable the secondary 
spectrum to be eliminated leads to the con- 
clusion that, apart from new discoveries, two 
methods remain open for the construction of 
apochromatic objectives. The one consists 
in the employment of natural crystals of the 
cubic system for at least one component of 
the lens. Fluorite has been generally em- 
ployed, and it is easy to see from the values of 
its dispersion given elsewhere that by its aid 
such objectives can be built. This method 
imposes severe limitations on the size of 


very small dispersion. If now tho com- 
ponents are given tho separations which would 
enable simple lenses all of tho same glaBs and 
of the right powers to be (jhromaticrally 
corrected to the first order, it is evident tliat 
the condition for the rom(^val of tho secondary 
spectrum with the achromatic lenses is satisfiiKl, 
That systems using only one glass may b<» 
chromatically corrected is well knowrx, but 
they are of limited utility. A discussion of 
the procedure to ho followed in ax)r)lyinK 
either of those methods lies outside tho scopo 
of this article. 
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References . — A great deal of information is 
to bo found in various journals on optical 
glass. Much of the work that has been done 
on Jena glasses in particular has been collected 
by Hovestadt, whose book has been translated 
into English by Professor and Miss A Everett, 
and published under the title Jena Glass, and 
reference to this book is recommended for 
further information. Eor recent work, refer- 
ence should be made to the Journal of the 
Society of Glass Technology, both for special 
articles and for information on material 
published elsewhere. 

Table 11. gives the results of a series of measure- 
ments on. typical specimens of optical gloss manu- 
factured by Schott & Gen., Jena (H. Th. Simon, 
Ann. d, Rhys. u. Ghem., 1894, liii. 666). 

Tho results of measurements on the temperature 
coefficients of refractive index in the case of trans- 
parent crystals vary considerably. Tho values 
obtained by a number of observers at various mean 
temperatures are given in Table III. (Laudolt- 
Bomstein Tables, 4th ed., 1912, p. 976). 

The “flow temperature” given in Table IV. 
is the minimum, temperature at which the glass is 
in a fluid state. It depends on the duration of the 
heating process and on tho size of the specimen. 
The following values are for specimens in the form 
of cubes, the length of the side of which is 26 mm. 
The results refer to specimens of optical glass 
manufactured by the Sendlinger Optische Werke, 
ZeWendorf, nwir Berlin. In the first column the 
figures refer to the refractive indices and v values of 
the glasses. Thus 610/634 shows that the specimen 
has a refractive index (for sodium D) of 1*610 and a 
V value of 63*4 (P. Weidort and G. B^mdt, Z. f. tech. 
Phys., 1920, No. 6). 

Tablb IV 

I Melting Tempebatubbs op Specimens op 
Optical Glass 


Type of Olaas. 

AnalogokU 

Botaott 

Tyi>o. 

Plow Teiaporaturo in ®0. for 
three tiiao# of Heating. 

i Hotir. 

2 Hotire. 

6 Hours. 

Kron 610/634 

0. 144 

860 

816 

776 

Kron 610/040 

0. 3832 

810 

796 

780 

Flint 649/461 

0. 378 

740 

726 

686 

Barion 673/676 

0. 211 

910 

886 

860 

Barint 680/638 

0. 722 

846 

806 

786 

Barion 690/012 

0. 2122 

846 

830 

796 

Barion 609/689 

0. 2071 

870 

835 

820 

Flint 013/309 

0. 118 

730 

695 

680 

Barion 614/604 

0. 2994 

840 

815 

800 

Barint 620/393 

0. 748 

780 

730 

686 

Flint 649/338 

0. 102 

600 

646 

030 



Table V. ‘gives the tensile and compressive strengths 
of different typos of optical glass (Landolt-Bfimstoin 
Tables, 4th od., 1912, p. 64). For the results of more 
recent measurements reference should be made to 
G. Bemdt, Verh. d, D. Phys. Oes., 1917, xix. 314; 
Z. f. Imtrumentenhmde, 1920, xL 20, 37, 66, 70. For 
the elastic constants of transparent crystals see 
Landolt-Bfimstein Tables, 4th ed., 1912, p. 60. 
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TABIiH V 

Elastic Constants of Specimens of 
Optical Glass 


T7Pe of Gla4js. 

li 

1* 

ft! 

|h 

Batio of Com- 
pressive StrengUi 
to Teiisile Strength. 

Soda alumina borosilicate . 

6-76 

126-4 

18-7 

Densest lead silicate . 

3-28 

60-0 

18-5 

Alumina lead borosilicate . 

6-66 

105-7 

18-7 

Soda alumina borate . 

4-93 

81-2 

16-5 

Baryta zinc borosilicate 

7-21 

84-0 

11-7 

Dense potash lead silicate . 

6-01 

77-6 

12-9 

Soda zinc silicate . 

7*84 

97-8 

12-6 

Potash alumina phosphate . 

5-46 

71-7 

13-X 

Potash bar 3 rta soda silicate 

6*09 

91-6 

15-0 

Soda lead ziuo sUioate . 

6-42 

99-0 

15-4 

Potash lime silicate 

7-62 

68-3 

9-1 

Baryta alumina phosphate. 

7*42 

76-0 

.10-1 

Potash zinc silicate 

8-09 

73-9 

9-1 

Dense lead sUioate 

4*97 

67-3 

13-5 

Soda lime zino silicate. 

7-46 

112*9 

16-1 


T. s. 

J. S. A. 


Optical Glass, Maihjpaotubb op. See 

“ Glass,” § (17). 

Optical Image : Its Defects. See “ Optical 

Parts, The Working of,” § (3) (i.). 

OPTICAL PARTS, THE WORKING OF 

§ (1) Inteodttction. — For the production of 
an optical instrument the collaboration of 
the designer, the computer, and the optical 
worker is essential. Particulars of the function 
of the proposed instrument and the conditions 
to be fulfilled having been determined, the 
designer is able to prepare a general scheme 
of the mechanical and optical arrangement. S o 
far as the optical portion is concerned, this 
involves a general knowledge of the hmitations 
of computation and the accuracy attainable 
in the practical working of the parts. 

Where possible, the designer avoids the 
introduction of extreme angular apertures 
that might necessitate the use of very special 
t]^es of glass or increase the computational 
difficulties. But the tendency must always 
be towards the imposition of increasingly 
drastic demands, and frequently for one or 
more details of the optical system the designer 
must finally rely upon the utmost skill of the 
computer. Close collaboration between the 
computer and the workshop is also essential. 
Thus, for example, it may be desirable to use 
particular types of glass that happen to be 
in stock or standard test plates and tools. 


It is the function of the optical worker, with 
whom this article is mostly ooncenied, to 
form the parts to the si)ocifie<l diinonsionB, 
to polish the surfaces, to examine the j>erf()rm- 
ance of the finished work, and wlum possible, 
to compensate the defects whether of surface 
or substance. 

§ (2) Methods. — ^As to the methods em ployed 
in the workshop, much depends upon the 
character of the work. Largo aHtronoinical 
objectives for which the demand is (extremely 
small are invariably produced singly and 
involve the exercise of very spe(ual craftsman- 
ship. 

One renowned manufacturer ^ has statwl 
as regards design that object-glasses cannot 
be made on paper. The empirical method 
of producing such parts consists in the 
computation of the objective by mcnxm of 
the simplest formulae with a view principally 
to the elimination of chromatism, and the 
determination of the desired focal length, and 
then in the removal of residual aberrations, 
and more particularly spherical aberration, 
by mechanical local retouching based upon 
optical examinations of the images fonnc<l 
by different zones and portions of the 
objective. From the point of view of the 
perfection of the objective this ompiricial 
method appears to be justified by the excelloncti 
of the results attained. Other makers of 
large astronomical object-glasses'* a(lv(K*aio 
the alternative method. By rigid computa- 
tion they determine the curves, 
separations, and apertures of the parts, and in 
the workshop they ondoavour to attain the 
desired degrees of freedom from the scvc'ral 
aberrations by the least possible dcj)art.urc« 
from the calculated data. Local retouching, 
however, can hardly bo avoided in th(^ prociuo- 
tion of largo optical parts. V<>riphcral or* 
central zones of one or more of th(i surfatu^a 


may nave to oe retouclioci in order to prcxlueo 
an asphorioal surface for the eomi>emHati<»n 
of spherical aberration. Regular cyliridritml 
retouching may bo necessary for the <^<uT«‘<*tion 
of astigmatism. Surface imporfecdlons, dcf<'ctii 
of homogeneity, dofootivo annealing, (tons! rnir^t 
during working processes, and thermal ('ffc(dM 
may all involve irregular retouching. 

But the organisation of most optical work- 
shops is arranged principally for tht^ prcwluction 
of moderately small lenses and prisms, of 
which comparatively largo quantities have 
usually to be produced, as, for (^xatn[>I<s in 
the manufacture of binoculars and cameras. 
For reasons of cost, retouching of sutdi part^i 
is not permissible, and indeed rarely n(«^c«iwvry, 
if the materials are well selected. The^y must 
be produced within limits specified i)y the 
^ H. Grubb. “The Production and Tcstlna of 
xxxiv^85 Mirrors,** Aafurc, IHfcMJ, 

* S.'Czapskl, Zeit6.f. InMIs,, 1887, vU. 101. 
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designer and compuiof, and defeotiTe elements 
are rejected. Trial and error methods play 
but little part in such an organisation* Each 
step is based upon precise measurements. 

There is an mtermediate class of multiple 
work involving parts the size and cost of 
which are such as to make a certain amount 
of retouching necessary, although such re- 
touching must always be regarded as un- 
desirable. 

At the present time the technique of the 
optician is in advance of that of theglass-malcer. 
By machinery it is possible to produce surfaces 
that may be regarded as optically perfect. 
A prism, such as is used at the ends of a 
rangefinder, having perfect optical surfaces 
will not necessarily give a -well-defined image, 
owing to small imperfections of the glsiss, 
such as defective annealing or homogeneity. 
The larger the piece the greater is the difiSoulty 
in obtaining glass that is sufficiently homo- 
geneous to suit the requirements of the 
optician. 

In suoh work it is customary to form and 
polish the pieces by machine, to test the 
perfection of the definition of the parts, and, if 
necessary, of their individual surfaces. Those 
that fail to pass and that exhibit certain 
types of imperfect definition may be saved 
Iby hand retouching, or, in the more regular 
cases, by machine. Of the remaining defective 
pieces, some may require re-annealing. The 
others must be finally rejected unless they can 
fee utilised in instruments of lower power or 
inferior quality. 

There is another class of work, suoh, for 
example, eis condenser lenses and to some 
extent spectacle lenses, in which no great 
accuracy either of form or surface is required, 
and which will not be further considered. 

It will be evident from the above general 
remarks that the production of high-quality 
optical parts cannot be reduced entirely to 
purely mechanical operations. A certain 
amount of hand work is involved, not only 
because of the need for the irregular touching 
of surfaces, but also for the production of 
certain delicate and accurate details for which 
suitable machinery has not yet been elaborated. 

In the most highly organised workshops 
there may therefore still be seen in operation 
the early hand processes elaborated by suoh 
pioneer workers as Huyghens, Hooke, Newton, 
jPather Oherubin, Herschel, and Moljmeux. 

§ (3) Tub Optical Imao-e. (i.) Jts Defects . — 
Whether for the purpose of final or work-in- 
jprogress inspection, or for retouching, it is 
ineoessary to analyse the definition of the 
iimage produced by the optical part or system 
in question, and to diagnose the probable 
defects with a view to their possible correction. 

It is not sufficient to make the broad sta-te- 
znent that the definition is bad, because it 


may be possible to compensate the defect 
in the case of large and costly parts -wi-fchout 
much additional expense. Suppose the optical 
part to be examined is a thick parallel plate of 
glass whose transmission surfaces hare been 
optically worked and may be regarded as 
being unquestionably true, and suppose the 
part is placed in the parallel beam before the 
objective of a telescope which is directed 
upon a collimator or -test image comprising 
small holes or lines. If the glass is perfect, 
its insertion in the path of the light should not 
affect the appearance of the collimator image. 
If, to obtain a sharp image, a readjustment of 
the telescope eyepiece is necessary, the parallel 
plate has a focus error. It is equivalent in 
its action to a very weak lens. Examination 
by means of the interferometer may reveal 
a regular change of optical density from the 
centre onbwards as represented by the circular 
hands of Fig. 1 (a). The defect in question 
may be due io imperfect annealing, or a regular 
defect of homogeneity. Double refraction 
resulting from imperfect annealing of the 
glass may he tested by inserting a half-wave 
plate and observing the extent to which the 
bands are displaced as the half-wave plate is 
rotated. 

If the defect is due to internal stresses, the 
glass should be re-annealed, b\it if the substance 
itself is at fault the definition may he corrected 
by making one of the surfaces spherical. In 
the case of a prism a transmission faoe would 
be chosen for the operation in preference to a 
refieoting surface, since oblique reflection at 
a curved surface necessarily introduces astig- 
matism, which, again might require to he 
compensated by working one of the trans- 
mission faces to a suitably oriented cylindrical 
form. 

If the image appears sharply defined but 
oval shaped, the defect is one of astigmatism. 
The interferometer appearance of the glass 
may be as indicated in Fig. 1 (6). A cylindrical 
surface suitably orien-bed -will suffice to 
compensate the defect, hut if it is the glass 
that is strained it should be re-annealed. 

Instead of a single clearly defined image a 
complex multiple imago may bo produced. 
This defect is due to heterogeneity of the 
glass, the structure of which when viewed 
by moans of the interferometer may appear 
as in Fi(/. 1 (c). Such a structure might result; 
from imperfect solution of the constituents, 
the nucleus of a sphere, in a soda lime glass, 
for instance, being quartz, having an ordinary 
refractive index of 1*54, and the various layers 
being silicates of gradually diminishing re^ 
fractive index, approximating to about 1*6^ 
which is the index for sodium silicate. Each 
sphere acts as a small aperture lens and 
forms a separate part of the multiple imaged 
Local retouching may sometimes sufifioe for 
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the compensation of these multiplo image 
defects. 

If the spheres are distorted and merge into 
one another as indicated by the interferometer 
appearance in 1 (d)j the image prodnced 
■will be indefinite or “ fuzzy." Retouching in 
such a case is usually impracticable and the 
part must accordingly be finally rejected. 

These several defects may appear singly or 


apparatus employed, which should involve 
the smallest possible number of optical parts. 

Veins, if not numerous, and if unaccompanied 
by other defects, have no serious effect upon 
the definition. A vein is usually an extremely 
fine thread of glass richer in silicate of alumina 
than the surrounding substance. Each vein 
is equivalent to a long astigmatic lens of 
extremely short focus, and the separate 



(a) 


(c) Fia. 

in combination and in various degrees. Thus, 
for example, in practice pure astigmatism is 
seldom found in optically parallel plates of 
thick glass. Usually the appearance of the 
image is attributable to lenticular and astig- 
matic defects which may be compensated 
hy working one surface to a suitable cylindrical 
and the other to a spherical form. 

It should be remembered that in the 
estimation of the various types of definition 
it is necessary that the inspector should 
know to vhat extent the errors are attribut- 
able to the defects of his eye, or to the 



(d) 


image formed by it is usually so diffused as 
to be invisible. But if the test object is a 
fine line, then by a movement of the eye the 
image may be momentarily occulted by the 
passage of the vein in front of it. A number 
of parallel veins may give rise to a rippling 
appearance of the image, and be sufficient 
cause for the rejection of the part. Often, 
hovever, the veins in glass are an indication 
of defective homogeneity, and in the best 
work the use of such glass should be avoided. 

(iL) Sphericdl Aberration, — For the in- 
vestigation of spherical aberration errors 
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Foucault’s ^ original knife - edge method is 
still frec[uently employed, ospecially in the 
case of large object-glasses. If the eye of the 
observer is placed close to the focal point of 
the object-glass and receives all the rays 
falling upoii it from a star or its equivalent, 
the whole aperture of the object-glass will 
appear illuminated. If then the focus is cut 
transversely by means of a knife edge, which 
should be mounted upon a fine operating 
screw, the whole aperture will hecome dark 
at the instant the Imife edge passes the axis, 
if the objective is ideaUy perfect. If all the rays 
from the objective do not pass through the 
ideal focus, a number of rays will escape past 
the edge and still reach the eye, and the 
aperture will be partially illuminated, the 
distribution of the light affording an indication 
of the extent and distribution of the aberration. 
In the direct focussing method ^ the eye 
receives the focal image, formed by the 
objective, of a natural or artificial star, which 
appears as a system of difBEraotion rings 
surrounding a central spot of light. By 
examining the image out of focus on the near 
and far sides, the nature of the spherical 
aberration either over the whole surface or 
over zones may he deduced from the change in. 
the distribution and character of the rings. 
Irregular defects of the surfaces or of the glass 
may be indicated by distortion of the rings. 
Thus an oval-shaped system would denote 
astigmatism. Chromatic aberrations may also 
be investigated by using homogeneous light 
of various wave-lengths. These two methods, 
and particularly the former, give qualitative 
results rather than quantitative. The latter 
method in the hands of a skilled observer is i 
more precise and the appearances may be 
more direotly intorpretod. 

Special forms of Mioholson’s Interferometer ^ 
are now frequently employed for the examina- 
tion of prisms and lenses, and even of complex 
optical systems, although the interpretation, 
of the results is then difficult. When a simple 
prism or object-glass is examined in this way 
the surface will appear uniformly illuminated 
if the piece under test causes no relative 
retardation of any portion of a plane wave 
front, assuming, of course, that the optical 
parts of the interferometer itself have been 
accurately compensated. 

A concentric ring appearance would indicate 
curvature of one or more of the surfaces or a 
regular variation of the material. Irregulari- 


1 "Foucault's method is discussed in the handbook 
On the Adjustment and Test/vm of Telescope Objectives, 
by r. CooKe & Sons, 1896. , „ . ^ mi 

* On the Adjustment and Testing of Telescope 
Objertv'es, T. Cooke & Sons, 1896. 

» F Twyirian, On the Use of the Interferometer for 
(Testinff O'piiml Sjisf-ems, TraHl Taylor lecture, 
ioy. Phot; Soc., 1918; PM.. Jkfosr. toI. xxxv., ^n. 
1918 : Correction of Optical Spaces, 

Thys, Journal, xlvii., No. 4, 1918; Michelson, 

Thys. Journal, June 1918. 


ties of surfaces or substance would be indicated 
by a distortion of the system of rings. 

The interferometer does not discriminate 
between retardations attributable to the glass 
and to the surfaces, except those due to 
defective annealing, which may be detected 
by observing the shift of the rings as a half- 
wave plate inserted before the eye is rotated. 

It is the resultant retardation that is indicated 
by the interferometer, and by the use of the 
interferometer alone it is not possible to 
allocate the component defects to the particular 
elements. But in practice it is sufficient to 
compensate the resultant defect by retouching 
one of the surfaces, and for this purpose a 
contour of the ring system as seen by the 
observer is painted upon the surface selected 
for the retouching operation. By polishing 
away the high portions and repeating the 
observations a comparatively uiuform distribu- 
tion may ultimately be obtained, and the 
definition be thereby greatly improved. Only 
large prisms and objectives can be subjected 
to an expensive process of this kind. For 
the production of aspherical surfaces the 
method is particularly valuable. 

(iiL) Chromatic Aberration. — Chromatic 
aberrations may be investigated by the Vogel ^ 
method, provided the aperture is not so small 
that a large shift of the eyepiece is necessary 
to detect a difference of focus. It is also 
necessary that the chromatic effects due to the 
eye and the eyepiece or other parts involved 
should be previously determined. 

In the eyepiece there is mounted a direct 
vision prism which, forms a spectrum of the 
star image formed in the field of view through 
the intermediary of the part to be tested. 
If the correction is perfect, the spectrum, 
when the eyepiece is focussed, will appear 
as a thin line of uniform width, but if there 
is any chromatic aberration of particular 
colours the corresponding portions of the 
spectrum will be broader than the remaining 
parts. A measurement of the aberrational 
defects may then be obtained by observing the 
shift of the eyepiece necessary to reduce the 
various widths to a minimum amount. This 
method indicates only the general ohromatio 
defect. It can hardly discriminate between 
zones, and if the apertiue is reduced hy 
stopping out the peripheral portions, the 
usefulness of the method is diminished. 

Precise measurements of the various aber- 
rations are obtainable even in the case of 
objectives of small aperture hy the Abbe 
Focimeter method.® 

But probably the most complete and precise 
investigation of the spherical and chromatic 
aberrations of any optical part is obtainahle 

* B 0, Vogel, Mmataberiekte d. Berl, Ak., , 

» S. Czapski, “ Methode und Apparate zm Besfciin- 
munff von Brennweiten nach Abbe,'* Zeitsch, f. 
7nfi«rf:.,1892,xii. 186. 
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by the Hartmann method ^ by means of which 
the final positions of partioular rays are located 
in a manner comparahl© -with the trigono- 
metrical computation of the paths of rays. 
Symmetrically arranged holes in a diaphragm 
determine the portions "of the optical part to 
be traversed by the fine bxmdles of rays which 
are finally received upon photographic plates 
situated at symmetrical positions before and 
after the focal plane. From the spacing of 
the images on the photographic plates in 
comparison, vith the spacing of the holes in 
the diaphragm the aberrations can be deter- 
mined Separate observations with light of 
different colours are made for the determina- 
tion of chromatic aberration. The original 
method of examining the optical performance 
of an objective by means of selected rays is 
described by Father Oheruhin,® who also de- 
monstrates the efiecta of defective oentriag 
and emphasises the importance of accuracy in 
this respect. 

From a consideration of the light intensity 
at a focal point Lord Rayleigh ® has stated 
that “ in general we may say that aberration 
is Tinimportant when it nowhere (or, at any 
rate, over a relatively small area only) exceeds 
a small fraction of the wave-length (X). Thus 
in estimating the intensity at a focal point 
where in the absence of aberrations all the 
secondary waves W'ould have exactly the same 
phase, we see that an aberration nowhere 
exceeding :iX can have but little effect,’^ and 
again, “ An important practical question is 
the amount of error admissible in optical 
surfaces. In the case of a mirror reflecting at 
nearly perpendicular incidence there should be 
no deviation from truth (over an. appreciable 
area) of more than J-X. For glass, /4 - 1 
nearly ; and hence the admissible error in a 
refracting surface of that material is four 
times as ^eat.” This estimated value of 
Lord Rayleigh of the permissible phase differ- 
ence is generally confirmed by practical ex- 
perience. 

§ (4) Test FiATEa — ^Test plates are very 
commonly used for the examination of the 
surfaces not only during the progress of the 
work, but also in the final testing, with a view 
bo the allocation of any observed defects of 
definition. 

Sir Isaac Newton^ has dealt very ex- 
haustively with the colours of thin plates, 
which had previously been observed, but not 
completely described by other workers. 


^ ^ J. Hartmann, vju 
ZeiUcKJ. IrtMrk, 1904, xxiv.; 
f. IruitrJr., 1913, xxxiil 177. 

* Twmwi mrfaite, ii. 109 , also p, 

25; William M:olynLeux, Dioptrics, 1692, part h, 
chap. IV. p. 222. 

1 * bord Jayleigh, Scieniifie Papers, iii. lOO, 104: 
yso L. Silberstein, “ Li?ht Distribution round the 
Focus of a Lens,'’ PhU, ifag., 1918, xxiv, 35. 

Sir Isaac ISTewton, OpiicJcs, 1704, book ii. part 1. 


Although it is evident from Newton’s de- 
scription that he realised that those coloui-s 
afforded an indication of minute irregularities 
of thickness of the intervening layer, it is not 
so clear that it was his practice to test the 
surface being operated upon in. comparison 
with a test plate having a very perfect optically 
flat surface- 

rhes© test plates which are the most valuable 
of the practical optician’s appliances are 
usually made of quartz. But fcDr reasons of 
economy glass test plates which from time to 
time must be compared with the standard 
quartz plates are employed. Quartz has the 
primary advantage of hardness. The frequent 
cleaning of the test surface that is essential 
soon impairs the definition in the case of a 
glass plate, and even in the case of quartz a 
good worker handles the surfaces with the 
greatest care. 

For flat work the parallel quartz plate, 
having an approximate thickness of about (^ne- 
fifth. its diameter, is polished on both sidos 
and worked as perfectly flat as possible on 
at least one side. When the test plate surface 
is placed upon the surface to be tested, if the 
latter is the larger and the more rigid, a thin 
layer of air is enclosed between them. Diffused 
white light which is reflected from the two 
surfaces of the air film gives rise to interferonco 
colours which may be viewed by a suitably 
placed eye. If monochromatic light is used 
numerous fine interforenco lines are visible, 
indicating minute variations that cannot bo 
detected when using white light. Since the 
temperatures of the work and of the tost 
plate will most probably be unequal, scvornl 
systems of Newton’s rings more or loss distinct 
will be visible. As tlio tomperaturos equalise 
the rings will broaden, and in the course of 
C to 30 minutes, or more according to the 
volume of the parts, if the surface is porfe(!t, 
a uniform straw yellow appeamnoo may bo 
obtained by skilful manipulation of the plate. 
If bEe surface is regularly curved concern trio 
rinigs will be seen, and the greater the curvature 
the closer will bo the spacing of the rings, 
provided the surfaces are clean and dry an<l 
the test plate is properly handled. Distorted 
rings or bands indicate irregularity of the 
surface relatively to the tost plate. If when 
the test plate is gently ])re8sccl cccentihially 
by means of a pointed piece of wood, and not 
the finger, the centre of tlio rings moves 
towards the point of application; the surface 
■under test is convex. It is very important 
that the adjacent surfaces of the work and 
the test plate should not only be thoroughly 
clean and free from the minutest specks of 
dust, but that they should also be free from 
any trace of moisture, the capillary action of 
which would locally distort the pieces and give 
a false indication. 
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For the best quality of work great skill is 
necessary in the use of a test plate, the indica- 
tions of which require careful interpretation. 
Flat surfaces may be finally tested by an 
analysis of the reflected image in the manner 
described in § (2). The reflection test is the 
more reliable, but the test plate has the merit 
of groat convenience, and for the greater part 
of the work the optician is called upon to 
perform it is thoroughly reliable and invalu- 
able. For curved work one surface of the test 
plate is worked to the appropriate curve and 
the other surface is made flat. The radius of 
the curved tost surface is measured by means 
of a spherometer or the radius or focus may be 
determined optically. It will be understood 
that the primary function of the test plate is not 
to obtain absolute measurements, but to de- 
termine the extent and nature of the difference 
between the worked surface and the test plate. 
To indicate the permissible amount of irregular 
distortion is hardly possible. If there is any 
noticeable irregularity the surface should be 
reworked. Slight regular ellipticity may be 
permissible when the astigmatisms of two 
transmission faces are normal to one another. 
Curvature to the extent of one and a half 
to two complete rings is generally regarded 
as being just permissible. It might be 
thought that such a statement would require 
extensive qualiflcation according to the size 
of the part, its function, and its position in 
the optical system, particularly as regards its 
distance from a focal plane. Practical ex- 
perience, however, shows that this limit of 
two rings, which accords with the practice of 
at least one large German firm,^ covers a very 
wide range of work. Factory conditions render 
it practically impossible to adjust the limits to 
suit the requirements of individual parts. The 
tendency is towards the adoption of approxi- 
mately one general and high standard of 
optical quality. 

§’(5) Optical PBOOESSES.—For practical 
reasons it is customary to divide the proce^ 
of working optical surfaces into three stages: 

(1) The forming stage in which the size and 
shape of the part is accurately detemmed; 

(2) the smoothing stage ; and (3) the polishing 
stage. 

Stages (1) and (2) involve the use of abrasives 
and these operations are accordingly performed 
in rooms quite separate from the polishing 
departments, where fine media only are em- 
ployed. But it must not be assumed that the 
polished appearance of the surface as distinct 
from regularity of surface is a phenomenon 
that only takes place as a result of the polishmg 
process. Actually a certain amount of polish 
is associated with the use of the roughest 
abrasive. 

W. Zschokke, Festschrift, Fima C. P. Gk)erz, 
p. 140. 


, It is only within comparatively recent years 
that the molecular regularity of polished sur- 
faces has received recognition. The earlier 
conception is very clearly expressed by Sir 
Isaac Newton * in the following words : 

“ For in polishing glass with sand, putty, or 
tripoly, it is not to be imagined that these 
substances can, hy grating and fretting the 
glass, bring aU its least particles to an accurate 
polish, so that all their surfaces shall be truly 
plain or truly spherical and look all the same 
way so as together to compose one even surface. 
The smaller the particles of those substances 
are the smaller will be the scratches by which 
they continually fret and wear away the glass 
until it be polished, hut be they never so 
small they can wear away the glass no other- 
wise than hy grating and scratching it and 
breaking the protuberances, and, therefore, 
polish it no otherwise than hy bringing its 
roughness to a very fine grain so that the 
scratches and frettings of the surface become 
too small to be visible.” 

There is no indication here that Newton 
regarded the surfaces as being molecularly 
regular or comparable with the surface of a 
liquid. 

Subsequent writers have not hesitated to 
accept without question and to repeat the 
statement of so authoritative an observer as 
Newton. Thus, for example, Coddington,® 
Sir J. F. W. Herschel,^ and Sir David Brewster ® 
use practically the words of Newton when 
describing a polished surface. 

If polishing were merely a continuation of 
the grating and frejiting of the surface pro- 
tuberances it should be possible to observe 
a continuous sequence of appearances from 
coarse conchoidal fractures to a grain of 
ultramioroscopic character. But if the opera- 
tion of polishing a smoothed surface is per- 
formed under the microscope it will be seen 
that numerous patches of perfect polish akin 
to the still surface of a liquid are formed 
almost instantly, and that these patches exhibit 
no intermediate structure other than accidental 
scratches and kindred defects. 

Lord Rayleigh ® in a lecture ou “ Polish ” 
appears to have been the first to describe 
their appearance. He states that, * In view 
of these phenomena w© recogmse it is some- 
thing of an accident that polishmg processes as 
distinct from grinding are needed at aU, and 
we may be tempted to infer that there is no 


* Newton's Ovticks, 1704, seCond t)Ook, p. 68. 

» Coddington’s . Optics, 182.5, p. 32. 

* Sir J. F. W. Herschel, Encvdopaedia 

1830, " Optics," p. 447. ^ 

» Sir David Brewster, Optws, p. 169- , 

* Lord Rayleigh, "Polish," Royal Institution, 
March 29, 1901. See also Lord Rayleigh, Juter- 
ference Bands and their Application," Royal 
Institution, March 24, 1903. Also Polishing of 
Glass Surfaces," Proc. 03>f. Conrwition, No. 1, 1906, 
P. 73. 
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essential difference between the operations. 
This appears to have been the opinion of 
Hersohel (as expressed in the Enc, Met., art. 

‘ Light,’ ^ pp. 447 to 830), whom we may 
regard as one of the first authorities on such 
a subject. But although perhaps no sure con- 
clusion can be demonstrated, the balance of 
evidence appears to point in the opposite 
direction.” . . . “ Under those conditions which 
preclude more than a moderate pressure it 
seems probable that no grits are formed by 
the breaking out of fragments but that the 
material is worn away almost moleoularly.” . . . 
And Jater he states : “ But so much discon- 
tinuity as compared with the grinding action j 
has to be adniitted in any case that one is 
inevitably led to the conclusion that in all 
probability the operation is a molecular one 
and that no coherent fragments containing a 
large number of molecules are broken out. If 
this were so there would be much less difference 
than Herschel thought between the surfaces 
of a polished solid and of a liq^uid.” 

Although the molecular character of the 
polishing operation and the similarity of the 
surface produced to that of a liquid are quite 
definitely expressed, and although Lord Ray- 
leigh has referred in other of his papers to the 
remarkable pool-like appearance of elementary 
polished patches of a glass surface, it is not 
quite clear whethet he regarded the result as 
being due to the removal of the substance 
molecule by molecule as distinct from the 
removal of minute aggregates of molecules or 
as being due to a molecular rearrangement or 
flow of the surface molecules as in the case of 
a liquid. 

This latter conception is attributable very 
largely, if not entirely, to Sir George Beilby, 
who has developed it in a series of papers * 
dealing principally with metal surfaces, the 
tenacity of which is such that the surface 
amorphous layer is capable of bridging over 
smdace cavities even when these are not 
completely filled with debris. It is very 
doubtful if any such bridging over of even 
minute cavities occurs in glass owing to the 
small cohesion of the sfiioates as compared 
with that of the metals.® 

According to the molecular flow ^ theory of 

^ Hcrschel’s description is practically a repetition 
of Newton’s earlier observations. 

* Pavers, G. T. Beilby : “ Surface Flow in Crystal- 
line Solids under Mechanical Disturbances/’ Proe. 
Roy. Soc., 1903, Ixxii. 72 ; “ The Effects of Heat and 
of Solvents on Tliin Films of Metal,” Proc. Roy. Soc., 
1903, Ixxii. ; “ The Hard and Soft States in Metals,’* 
PhU. Mag., Aug. 1904 : ” The Influence of Phase 
Changes on Tenacity of Ductile Metals,” etc., Proc. 
Roy, <Sfoc., 1905, A, Ixxvi. ; “The Hard and Soft 
States in Ductile Metals,” 1907, A, hexix. ; “ Surface 
Flow in Calcite,” Proc. Roy. Soc., 1907, A, Ixxxii. ; 
“ Transparence or Translucence of the Surface Film 
produced in Polished Metals,” Proc. Roy. Soc., 1914, 
A, Ixxxix. 

® “ Some Notes on Glass Grinding and Polishing,” 
J. "W. French, Opt. Soc., 1916, xvii. No. 2. 

* Sec also Solids, The Flow of,” VoL V. 


polishing, the forces exercised by tlio polisher 
upon the surface molecules of the glass suffice 
to overcome the cohesive forces binding them 
together, with the result that the molecules 
rearrange themselves uniformly under the 
action of their surface tension forces. Thus 
it would appear that the grain of a polished 
surface, being molecular, is much finer than 
is actually required for the regular reflection 
of even the shortest visual rays at normal 
incidence. 

Polished layers may be produced in several 
ways although in all cases the action is 
fundamentally the same. Piro-glazed surfaces 
result from the thermal agitation and conse- 
quent flow of the surface molooulos. Ohomical 
forces produce a similar result. Provided 
precautions are taken to prevent the accumula- 
tion of fluoride crystals, very perfect light- 
reflecting glass surfaces may bo produced by 
the action of hydrofluoric acid.® 

When a piece of glass is fractured the forces 
at the cleavage edge so profoundly disturb 
the molecules that they are able to flow and 
form the oharaoteristio polished appearance 
of a fractured surface. 

It is hardly possible to fracture a piece of 
glass so suddenly that its surface is not 
polished. Under the microscope a rough 
ground surface is seen to consist of numerous 
conchoidal depressions the surfaces of which 
are all light reflecting, and which may indeed 
be made to act as so many separate Iciihc^s of 
poor quality.® Closer examination will dis- 
close a rounding of all the ridges where the 
conchoidal surfaces intersect that can only bo 
attributable to viscous flow. The ridges liavo 
a characteristic yellow-green colour whether 
the glass is flint or crown. Where these ridges 
intersect one another elementary polished 
patches are found, and if an attorn] )t wore 
made to polish a rough ground surface of this 
type, it would bo soon tliat tlu^so elementary 
patches would be extended until they joined 
one another with the ultimate formation of a 
continuous polished surface. 

§ (0) Abeasion. — In order that the work- 
shop processes may bo more fully understood, 
the features characteristic of abrasion and 
polishing must be conHiderod in detail. 

Suppose a small stool ball is pressed upon 
the polished surface of a ghwH cube the trans- 
verse faces of which are also ])oliHhed so that 
the stresses introduced may be viewed by 
means of a polariscope.’ When the i)r<^SHui’o 


® Lord Rayleigh, “ Polish,” Royal Inst., March 29, 
1901. The writer has coiidrnuHl Lord IUiyl(‘lgh’tt 
experlmontus, and has rcdiico<l by means of hydro- 
fluoric acid the surface of a polished pinto to tho 
extent of about 60/* without adversely atfccting Itw 
optical perfection. 

• Lord Rayleigh, “ Tntorforentio Baiuls and their 
Applications,” Royal Inst., March 24, 1893. 

« “ I’orcniKsiou Figures in Isotropic 

Solids,” Nature, Nov. 20, 1910, p. 312. 
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is very light the appearance "between the 
crossed Nicols is as in Fig, 2. The central 
black cone has an angle of about 20°, which 
appears to be practically independent of the 
pressure. The cone of strain 6, h has an angle 
of about 90°. Some surface light is visible at 
d, d. At low pressures the dark cones c and a 
merge softly into h. As the pressure is in- 
creased the interfaces become more intensely 
defined, but the angles do not alter appreciably. 
Further gentle increase of pressure causes the | 
surface layer to rupture as in Fig. 3, which is 
a photo-micrograph of an etched polished 
surface repeatedly ruptured by gentle impact. 
If the Nicols are paralleled black rays will 
be seen proceeding from the edge of the crack 
as in Fig, 4, their direction indicating that the 
crack is normal to the surface'. The character 
of Fig. 2 is not appreciably altered. 

A new phenomenon makes its appearance 
when the pressure is again increased. Immedi- 
ately under the ball there appears as in Fig, 6 
a sphere pierced by the filament of the cone a, 
and having a black outline tinged with red 
on the OTitside. The interior is filled with 
green - blue light ; otherwise the general 
appearance of Fig. 2 is unaltered. If now 
the Nicols are paralleled, it will be seen that 
the well-known type of conical fracture ^ has 
been produced as indioa'ted in Fig. 6. The 
coloured sphere of Fig, 6 is a certain indication 


coloured spheres indicative of subsidiary 
planes may be observed as in Fig. 9. 

Now the grains of an abrasive such as 
carborundum are nodular in parts and hard and 



Fio. 3. — Surface etched after rupturing. 
Magndflcation 40 diameters. 


akin to the s'teel balls used in the experiment. 
But a rough ground or smoothed glass plate 
exhibits practically no cone fractures, notwith- 
standing the vast number of impacts that 



FiQ. 2, Fig 4. 


FIG. 6. Fig. 6. Fio. 7. 


of the existence of a cone fracture. Examina- 
tion with the Nicols in an intermediate position 
shows that the cone fracture which follows the 
surface of b is tangential to the sphere which 
covers it. If the pressure is again increased 
the crushing point is soon reached. The gl^s 
under the ball collapses almost explosively, 
a distinct click being audible, and the 
sinks deeply through the surface. At the 
moment of this collapse, the cone of ® 
broadens out owing to the extension of the 
area of preseare. The cone feature 
may extend horizontaUy like the brim of a ^t, 

‘ thus definitely terminating the depth below 
the surface, and the space mtto the cone 
becomes cleft by one or by two fracture 
planes normal to one another and harmg 
their line of intersection on t^ axM of toe 
Lk cone a. as in Fig. Jhe diametr^ 
planes may he extended to the hnm as in 
Fig. 8. Under crossed Nicols two new smaE 

X L-iclatemeut," Cto. de Sevm de 

Mitallmie, Sept. 1914, sect. vii. p. 66. 


must have occurred in the operation. Only 
if the tool carrying the abrasive is lowered 
sharply on to the glass surface will a number 
of cone fractures probably be formed. 

From this it seems evident that the grinding 
of glass is not the result of any such normal 



pressure of the grains, and another explanation 
must be obtained. In the experiments with 
the steel ball as described above the forc^ 
were symmetrical about the vertical axis- 
When the pressure is applied near the edge^ of 
the surface, the new appearance corresponding 
with the stage illustrated in Fig. 2 ^11 ^ ^ 
illustrated in Fig. 10, from which it will be 
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seea that the central cone is now deviated 
towards the side. Its axis along which fracture 
finally takes place follows the characteristic con- 
choidaJ section. It is presumably the impact of 
the abrasive grains on the edges of cavities 
that produces the conohoidal splintering of a 
ground surface as indicated in Fig. 11. 

As it is the transverse movement of the tool 
relatively to the glass that forces the hard 
grains against the edges of the cavities, it is to 
be expected that the rate of grinding will 
depend upon the speed 
of movement of the tool 
relatively to the work, 
and also upon the press- 
ure exerted by the grains. 
Fig. 11. This is confirmed, so far 

as the effect of relative 
speed is concerned, by the results of carbo- 
rundum abrasive tests which iadicate that the 
weight of glass removed is directly proportional 
to the relative speed, Hhe other conditions being 
maintained constant. To eliminate the effect 
of loss of cut fresh abrasive must be applied 
at intervals of about one minute, and pre- 
cautions must be taken to ensure constancy of 
the general conditions throughout the tests. 

From an examination of the previous Fig. 11, 
it will be seen that the larger the grain the 
deeper, in general, will be the point of impact 
and the larger the splinters removed. The 
rate of grinding is therefore dependent also 
upon the size of the grain. Thus by reducing 
the coarseness of the abrasive at each stage 
of the grinding operation, a surface of any 
desired degree of fineness may be obtained; 
and indeed the surface may be highly polished 
by means of the same material as is used for 
the rough grinding, provided a sufficiently fine 
grain of a suitable character is obtainable. 
Prior to the time of Antheaulme ^ it was the 
practice of the earlier opticians ^ to make the 
polishing process merely a continuation of the 
grinding stage, the sand first used being ground 
down sufficiently in the operation to serve 
as a polishing medium in the later stages. 

Highly polished optical surfaces have also 
been produced by the use of very fine grades 
of carborundum. As much more suitable 
polishing media than fine carborundum are 
available, this experiment is mainly of interest 
as emphasising that there is no strict line of 
demarcation between abrasion and polishing. 
The removal of material and the production 
of the amorphous polished layer occur simul- 
taneously, although to different extents. Thus 
in the coarsest grinding there is removal of 

^ More Notes on Glass Grinding and Polishing,” 
J. W. French, Trans. Opt Soc., Jan. 1917, xviii. 

“ E'istoire des mothimcAitiues, Montncla, vol. iii. 
part V. book ii. p. 498. 

* Renati Descartes Opera FhUosophiea^ “Dioi> 
tricis,” 1666, cap. x. ; Johannes Zahn, Ocvlus Artifwir 
alisTeMioptricus, 1702, 


material and only very slight surface flow 
along the ridges between the concavities of 
the surface, since the cleavage flow over 
the depressed surfaces of the conohoidal 
fractures does not contribute except in the last 
stage to the final surface.^ As the abrasive 
becomes finer the splinters decrease in size 
and the material removed diminishes, while 
the amount of surface flow over the network 
of ridges increases. 

If in the grinding process the flat grinding 
tool is so hard that it rides over the grains, 
the impacts would be more normal to the 
surface and undesirable cone-fracturing would 
occur. The finer the abrasive the harder may 
be the smoothing tool. Lead, zinc, copper, 
aluminium, brass, and cast iron have all been 
used for various kinds of work and various 
abrasives, but fine-grained cast iron and brass, 
free from surface defects, are most generally, 
and indeed almost universally, employed. 
Steel is too hard for even the finest grades of 
abrasive. 

After the surface has been ground to the 
necessary degree of fineness, polishing may be 
commenced, the purpose of the process being to 
promote the greatest possible amount of surface 
flow while avoiding the conohoidal splintering 
characteristic of the grinding process. 

A very small amount of material is removed 
during the polishing action, but the nature of 
the abrasion, if it can be so termed, is character- 
istically different from that during grinding. 
Minute grooves are ploughed through the 
amorphous surface layer, and small portions 
of the amorphous substance become dis- 
engaged by the action of the polisher and are 
removed. These fragments may be recovered 
by dissolving away the rouge and resinous sub- 
stances. The residue has a sparkling snow-like 
appearance and consists of extremely minute un- 
resolvable particles cemented loosely together 
possibly by surface fusion along their edges. 

§ (7) Polishing. — k clear distinction must 
be drawn between a polished surface and 
one that is at the same time optically regular. 
This will be more easily understood by 
considering the action of a cloth polisher as 
compared with that of a pitch polisher. 

Suppose in Fig. 12, A is the fine ground 
surface greatly magnified composed of flat 
elementary areas with numerous conohoidal 
depressions. A surface of this kind is said 
to be grey, the appearance being due to 
irregular reflection or scattering of the light. 
B is a layer of soft cloth or felt cemented to 
the regular surface of .the metal runner 0, 
which may be of aluminium, brass, or iron. 
Over the flat areas of A the drag, and con- 
sequently the reduction of the general level, 
will be greatest. Over the surfaces of the 

* “ Some Notes on Glass Grinding and Polishing,” 
J. W. French, Trans, Opt Soc.^ Nov. 1916, xvii. No, 2 
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depressed areas into which the felt partially 
sinks there will be a certain amount of drag 
and polishing action, combined with the 
removal of material not only from the flat 
portions but to some extent from the depres- 
sions also. There will be a general rounding 
off of the irregularities, but, as is confirmed by 
practice, the irregularities cannot be eliminated 
by the use of a soft polisher, although a small 
amount of original gre 3 mess is rendered less 
conspicuous to ordinary vision, and a false 
appearance of complete uniformity and polish 
may bo produced more quickly by means of 
a soft polisher. Stippose a harder type of 
polisher such as a pitch polisher is used. When 
using the same polishing medium, such as 
rouge, the amount of drag and polishing 
action over the flat portions will be greater 
than when using cloth, and, further, as the 


Metat Runner C 
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pitch will not sink into the depressions to the 
same extent, the rounding and particularly 
the removal of material from the depressed 
portions will he loss. 

When using a hard polisher a uniform 
polished surface free from all groynoss is 
obtained by the removal of the surface 
material stage by stage until the stirfaco is 
reduced below the level of the deepest con- 
ohoidal depression.^ 

Under the action of the polisher, ac(U)r<ling 
to the flow' theory, the disturbance of the sur- 
face molecules is siud) that they arc able to 
rearrange thcmselvoH or flow with the oon- 
seq\»ent formation of a polished amor|)liou« 
layer. Minute aggregations of the remgo or 
other nu'dium plough away the surface layer, 
and it ifl*(!onc<Mvablo that there may bo also 
some swaging acf-ion, material being removed 
from the higher portions and welded upon the 
adja<t(mt depr<^ss(^(l areas. As t}\e amorphous 
mait'rial is r<^mov(*<l in this way the underlying 
moleculoH arc act<'d upon by the polisher, and 
the pnxiesB is rep(*ated layer by layer as in- 
dicated in F/p. 13. 

If roug(^ iH em[)loye(l in the last stage it is 
generally possible by special illumination of 
the surfacu^ to detect an o[)en network of these 
fine grooves; but if no medium other than a 

» Polishing of OloHH Stirraccs," Xiord Uaylolgh, 
Proe, Opt, Conneniiont 1005, 1. 75. 


very fine film of water is used for the final 
polishing operation, the presence of grooves 
will hardly be observable. When a surface of 
this kind is etched with hydrofluoric acid a 
network of grooves will reappear, ^ and it has 


Metaf Tool 



Tig. 13. 


been assumed that just as in the case of metals 
the original grooves have been bridged over* 
by the amorphous layer and are uncovered 
when the surface layer is dissolved away. 
Numerous experiments, however, seem to 
indicate that the cohesion of the amorphous 
silicates is too small to permit of the bridging 
of the finest surface cracks that can be 
produced. 3 That grooves produced during 
the rouge-polishing stage become filled up 
during the final water-polishing stage may, 
however, be accepted. Thus it is probable 
that the groove A in the surface layer becomes 
filled up possibly in stages at each stroke in the 
manner indicated in Ifig. 14. On the assump- 
tion that the expenditure of energy upon a 
substance tends in general to reduce its chemi- 
cal stability, it is to be expected that the 
material filling the grooves would be rapidly 
acted upon and that the grooves produced by 

. Residual Groove B 



Fig. 14. 


etching arc really reproductions of the original 
grooves. Tho course of the original grooves 
will in any case bo indicated by a very fine 
groove B, which would be extended by the 
acid to form a deeper groove ocoup 5 dng the 
place of the original one. 

The various stages in the grinding and 
polishing of a glass surface may be summarised 
briefly as follows : 

1. The removal of material by the breaking 
away of splinters, the size of which is reduced 
in stages by tho use of finer grades of abrasive. 

* “Interference Banks and their Applications,” 
liord IlaylelKh, Jtoyal Inst., March 24, 1803. 

• “ Home Notes on fllass Grindini? and Poliahinpf,” 
J. W. French, (Trans, Opt, Soc.^ Nov. 1916, x^. 
No, 2. 
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2. The production of an amorphous or 
surface flow layer and the gradual removal of 
these layers by grooving as distinct from the 
splintering of the first stage, the removal of 
material being efiected by means of a very 
fine abrasive or polishing material such as 
minute aggregates of particles of rouge. 

3. The eHmination of the grooves produced in 
stage 2 by the use of a continuous medium such 
as a film of water in place of the discontinuous 
medium such as rouge, there being during this 
stage the maximum production of surface flow 
and practically no removal of the surface layer 
material and no splintering action whatever. 

§ (8) PoLiSHiNO Materials. — ^An abrasive 
to be effective must possess several well- 
defined characteristics. The grains, which 
must be hard, should have an irregular form 
presentmg many strong edges or rounded 
points that will transmit the impact forces to 
the glass to be abraded. When the grains 
break down the fraigments should be of the 
original form in order that the action on a 
finer scale may be continued. An abrasive that 
breaks down into lamellar fragments is said to 
lose its cut. Diamond, splinters of which are 
illustrated in Fig. 15, is the most effective of 
abrasives, but owing to its cost it can only be 
used for special operations such as the slitting 
of glass where the quantities are small. 

Carborundum (SiC) is a compound of carbon 



Fig. 15. — Diamond Splinters. Magnification 
15 diameters. 


and silica, resulting from the fusion of car- 
bonaceous materials such as coke or charcoal 
with sand in the electric furnace at a tem- 
perature of about 2000® C. Its hardness on 
Mohs scale is about 9, diamond being 10. 
From Fig. 16 it will be seen that the grains 
are of the desired irregular shape, which is 
retained as they break down. 

Other important abrasives are obtained 


by the combination of alumina and eflioa in 
the electric furnace, such, for example, as' 
corundum, alundum, and aloxite. They are 



Fig. 16. — Carborundum. Magnification 
40 diameters. 


most commonly employed in the form of grind- 
ing wheels. As loose abrasives they are not ‘ 
so effective as carborundum. 

Emery is a natural form of artificial corun- 
dum, being a silicate of alumina containing, 
however, oxides of iron and other impurities 
irregularly distributed. It breaks down more 
readily than carborundum and loses its out. 
The loss of cut is only temporary, however, as 
after washing the material can be used as a 
finer grade of emery. 

Sand is sometimes used for rough abrasion, 
more particularly in establishments where no 
facilities exist for the washing and recovery 
of the more expensive types of abrasive. Its 
grains are frequently rounded and water-worn 
as indicated in Fig. 17, and it readily breaks 
down and loses its cut. 

Separation of an abrasive into the various 
grades of fineness is generally done by a process 
of settling and levigation. Thus three-minute 
emery is the material obtained from the liquid 
that is decanted after a settling period of three 
minutes. For carborundum it is necessary to 
use sieves of various finenesses in conjunction 
with settling, except in the finest stages, for 
which sufficiently fine sieves are unprocurable.^ 

A comparison of the abrasive powers of 
carborundum, emery, and sand of approxi- 
mately equal size of grain is obtainable from 
Fig. 18, which also shows how in the case 
of each abrasive the rate of abrasion is directly 
proportional to the pressure when fresh abra- 
sive is supplied continuously. 

If the abrasive is not frequently renewed, 

1 **The Grading of Carborundum for Optical 
Purposes,” J. W. French, Trans. Opt. Soc., Oct. 1017. 
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tho rate of griading would not increase 
regularly with the load owing to the loss of 



Fig. 17, — Sand. MaRnlllcatlon 40 diaiiK^tm. 

out and a certain clogging a(‘tion, ospocially 
at tho higher prosHuros. This is illustrated in 
Fi(j. 19, from which it will bo scon tliat when 
using No. 3 carborundum having an average 
grain diameter of 0*1 mm. the rate of abrasion 
is directly proportional to tho load when fresh 



no. la 

matc^rial is applied every half minute, whereuH 
there is actually a redmdfion of the rate at high 
loads when tlu^ inic^rvals >)ctwcon the applica- 
tions are of five minuit^s’ duration. 

The HoriciH of curve's in Fitj, 20 shows how tho 
rat(^ of abrasion vari<'H with the size of tho 
gmins and the load on the tool. Frt^sh abrasive 
waa applied <wery half minute, and it will bo 
seen that for tho coarsest No. I earl>(»nmdum 
having a grain diam<'t(sr of apf)roximately 
0'2 mm. the abrasion is tllnud.ly proportional 
to tho load. In the tuiso (»f tho carborundum 


grades 3, 4, and 5 the curve bends at the higher 
loads suggesting the need for more frequent 
renewal of the abrasive, due possibly to clogging 
arising from an admbeture of gloss powder in 
these intermediate grades. 

A similar series of abrasive curves for 3 
minute, 15 minute, and 40 minute emery is 



No.S Grade (washed) Carborundum (0‘1 mm^cflam>) 

Fia. 19. 

illustrated in Fig. 21. Between the 3 and 
15 minute, curves there is a considerable 
interval which corresponds, however, with the 
grain dimensions, which are 0*13 mm. and 
0-01 mm. respectively. 

Prom tho various diagrams it will be evident 



0 0‘a 0*4 0*6 0*8 1 1'2 1-4 US 

Grammes mmf 

Load par sgaan mllUmoin 

Fia. 20. 

that the rate of abrasion of a particular type 
t»f glasH depends upon ; 

The nature of the abrasive. 

Its grade of fineness. 

The load upon tho tool, 

Tho relative speed and to some extent the 
frequency of renewal. 

The material of the tool itself, which has 
some beiiring on tho rate of abrasion, ir 

z 
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practically determined by the type of abra- 
sive, the materials of widest application bemg 
fine-grained cast iron and brass. 

Rates of abrasion afford a general but not 
definite idea of the q^uality of a ground surface, 
because the same weight of material may be 
removed by the production of large shallow 
splinters or by sm<aller and correspondingly 
deeper ones. In the grinding process it is 
sought to produce a surface of uniform texture 
free from isolated deep pits which often deter- 
mine the thickness that must be finally 
removed. A record of the texture may be 
obtained by observing the reflecting power of 
the ground surface.^ If the surface is viewed 
so obliquely that the irregularities are fore- 
shortened to such an extent that even the 
longest red rays are reflected, a perfect white 
image of, say, an incandescent filament may 
be seen reflected from the surface. The image 



JFiO. 21. 

may be as clear and distinct as if viewed by 
means of a polished silver mirror. As the 
reflecting plate is rotated so as to decrease 
the angle of incidence, there will be observed 
an apparently abrupt change from bright 
white to dull grey, followed at a smaller 
incident angle by a change to red, which later 
suddenly disappears. These three changes 
take place sufficiently abruptly to provide a 
general record of the surface. Thus in the case 
of a piece of hard crown glass, ground vrith 
3 minute emery, the respective angles of in- 
cidence, the readings of which can be repeated 
to within half a degree, were 80®, 78®, and 76®. 
For similar glass ground with an abrasive 
wheel, the corresponding figures were 66®, 61°, 
and 46°, thus indicating a much finer texture. 
In "Fig. 22, which gives a comparison of the 
surfaces produced by a series of carborundum 
abrasives, abscissae represent the size of the 
respective grains, and ordinates the cosecants 

^ More Notes on Glass Grinding and Polishing,” 
J. W. French, Trans. Opt. Soc., 1917 (Jan.), vol. xviii, 


of the angle between the surface and the fine 
of sight. This is equivalent to the pro j ection of 
the texture in a plane normal to the line of 
sight, thus enabling the irregularities to be 
compared directly with the lengths of the 
waves regularly reflected. As is to be ex- 



Fig. 22. 

pected from the previous abrasion diagrams 
the curves are straight lines, the projected 
dimensions of the texture being directly pro- 
portional to the size of the grain when the 
other conditions such as load and speed are 
maintained constant throughout. 

Fig. 23 shows the corresponding results 
obtained when using the three grades of emery 
commonly employed, namely 3 minute, 16 
minute, and 40 minute emery. If the condi- 
tions can be controlled vrith sufficient accuracy, 
similar straight line curves may be obtained 
for most abrasives, but in the case of such 
abrasives as powdered glass which break down 
readily and lose their cut, the conditions cannot 



Fig. 23. 

be easily controlled and the curves generally 
fall away towards the coarser grades. 

Smoothing operations in the case of a single 
piece may be regarded as a continuation of the 
rougher grinding processes, their purpose being 
to reduce as much as possible the amount of 
material that has to be removed in the polish- 
ing process, but when a number of pieces after 
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being formed are mounted in one block so that 
they may be polished together, the smoothing 
process preparatory to polishing is necessary 
in order to reduce any irregularity of the sur- 
face levels due to slight errors in the laying 
down of the pieces. 

Whether the surface desired is plane or 
curved the final form of the piece must be 
produced before the polishing operation is 
commenced. Any important alteration of the 
form is impracticable during the polishing 
process, the functions of which are the forma- 
tion of the brilliant amorphous light reflect- 
ing surface layer, and the production of a true 
figure, that is, the correction of minute errors 
of form not exceeding one or two wave-lengths 
over tho whole surface.- Greater errors of form 
must be corrected by a repetition of the 
smoothing or fine grinding operation. 

Almost any substance in a fine enough state 
of division, and provided its grains are not 
lamellar in form or soluble in the liquid 
employed or liable to weld upon the surface 
of tho glass, may be used as a polishing 
medium. Thus glass can be polished readily 
with fine charcoal, but harcUy at all with 
graphite. 

But in practice tho choice may be limited 
to a very few substances, tho principal of which 
is rouge, that is oxide of iron (FeaOa), Many 
substances are slow in their polishing action. 
Putty powder, that is tin oxide (Sn02), which 
at one time was extensively used, is now 
excluded for reasons of health. 

Manganese dioxide (MhOa), although an 
excellent medium, is very black and is dififioult 
to remove from tho hands and 
clothing ; from the point of 
view of general cleanliness its 
use is often avoided. Other 
media again cannot be ob- 
tained in a consistently uni- 
form condition, and although 
tho variety of substances is 
great, there are really few that 
have all tho advantages of 
rouge, which is so extensively 
used, except for tho very 
cheapest kinds of optical 
work. Comparisons of tho 
polishing media can only be 
made if tho conditions are 
carefully standardised, and 
particularly if tho texture of 
the original smoothed surface 
is tho same in all oases. The 
rate of polishing, so far as 
polishing is determined by the 
removal of material until 
the bottoms of the deepest 
depressions are reached, depends upon the 
following : 

The original state of tho smoothed surface. 


The character of the polishing-tool surface, 
which may be, for example, of cloth, 
pitch, wax, or paper. 

The polishing medium. 

The lubricant. 

The load. 

The relative speed of the tool and the surface 
operated upon. 

The typical chart. Fig. 24, shows how the 
time of polishing and the rate of removal of 
glass are affected by the load on the tool. 
In this particular instance the rate of removal 
of material varied directly with the pressure, 
the tool being covered with a mixture of 95 per 
cent of beeswax and resin and 6 per cent pitch. 

It is not possible to make any definite 
comparison of the numerous substances that 
may be used as polishing media, because the 
results are greatly influenced by the conditions. 
Substances that are only moderately good 
when a pitch polisher is used may be much 
more effective when the polisher is of a different 
type, such as cloth. 

To obtain consistent results it is also very 
necessary to control the conditions, the most 
important being the original state of the 
smoothed surface to be operated upon. 

Table I. shows the times of polishing when 
using a variety of typical poLishing materiab 
under the particular conditions specified. 
In all cases the original surface was smoothed 
with fine carborundum having an average grain 
diameter of about 1/200 mm., the r^eotion 
values of the surface being 80° grey, 73*5° red, 
and 64° loss of red. Pitch polishers were used 
throughout. 

Tablb 1 

Machine typo, reciprocating arm. 

Revs, of spindle, 78 r.p.m. 

Speed of arm, 390 strokes per minute. 

I4ength of stroke, 1 •26''. 

Diam. of worked surface, 3"'. 

Diameter of polisher, Z". 

lioad on poUshor, ^ lb. per sq. inch. 


Putty powder and tho various pre- 
cipitated media are better suited to cloth 
polishers than to pitch polishers, but the 


Mediuzu. 

Polishing 

Time. 

Quality. 

I^oipitated rouge . 
C/ommoroial rouge . 

Glassite 

Very fine oarborundum . 

Putty ])Owder (Sit02) 
Precipitated silica (Si02) . 
I^ocipitated chromium oxide 
(CrgOa) 

Precipitated alumina (AliOj) . 
Precipitated ferrous carbonate 
]?rooipitated hydrous MnOj . 

Hours. 

3 

4 

4-1 

8 

U 

12 1 
]l4 

U 1 
IG 1 
22 J 

Good polish. 

Fair. 

Surfaoe out and not good. 

Surface not good. 

Very slightly grey. 
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superiority of the first three media is 
marked when used on cloth. 


still 



Very many substances have been used as a 
covering layer for the polishing tool to hold the 
polishing mediurh. 

Huyghens ^ polished his 
glasses upon the metal tool 
itself, using a speeially pre- 
pared mixture of Tripoli as 
a medium, which was reduced 
to a firmer and finer state 
by wiping away the marginfid 
portions from time to time. 

To Sir Isaac Newton ^ is 
attributable at least the sug- 
gestion that a pitch layer 
might be used for the polish- 
ing operation. In his O^pticks 
he states that : “An object 
glass of a fourteen foot tele- 
scope made by one of our 
London artificers I once 
mended considerably by 
grinding it on pitch with 
putty and leaning very easily 
on it in the grinding, lest 
the putty should scratch it. 

Whether this way may not 
do well enough for polishing 
these reflecting glasses I have 
not yet tried.” 

It is quite clear from a 
previous paragraph ® that 
Newton actually used pitch 
for both the grinding and the 
polishing of metal reflectors, 
for in the same work he 
states : “ Then I put fresh 
putty upon the pitch and 
ground it again till it had 
done making a noise, and 
afterwards ground the object metal upon it 
as before, and this work I repeated until the 
metal was polished, grinding it the last time 
with all my strength together for a good while, 

" ,C. Hugenii, Opera XUUtpia, ii. 218, and Smith’s 
Optws. 

* Wewton, Opticks, p. 78. » Jbid. p 77 


and frequently breathing upon the pitch to 
keep it moist without laying on any more fresh 
putty.” The application of water alone in the 
final stage is of particular interest as being 
an important detail of present-day i)raotice. 

Pather Cherubin * lined his polishing tools 
with a variety of materials of fine and uniform 
texture. More particularly he refers to the 
use of very fine thin leather, fine English 
fustian, fine Holland or any fine linen, silk 
taffety or satin. He describes at great length 
the process of Hning the tools with paper 
md the method of removing little lumps or 
irregularities, but the previous use of paper 
is attributable to Anthoaulme,® who used the 
grinding tool itself when lined with paper as 
the polishing tool, the medium employed 
being Venetian Tripoli. 

At the present day pitch, wax compounds 
and cloth are the materials most commonly 

Tablb II 

SuRFAOB Layers of PomsHnsro Toons 

Material worked, glass — ^liard crown. 

Surface smoothed with fine carborundum, 
diam. of grain about 1/200 mm. 

Spindle speed, 124 to 130 r.p.m. 

Arm speed, 100. 

Stroke, 1-26"'. 

Polishing medium, rouge and water. 

Load on polisher, J lb. per sq. inch. 


Polisher. 

Time of 
Polishing. 

Eemarks. 

pitch with 10% beeswax 

Hours. 


and resin 

1 '-s 

Good surface. 

Very hard pitch .... 

1-76 [ 

Fair surface, pitch hard- 

Beeswax and resin with 10% 

1 

ness 0-6 at 37® C. 

pitch 

1 1-76 

Good surface. 

Pitch 70% Trith 30% rubber 



compound 

/ * 

»» » 

Pitch 70% with 30% rouge . 

2 

Fair surface. 

Soft pitoh 

2-75 1 

Good surface, pitoh hard- 



ness 16 at 38® C. 

Ebonite with 10% pitch . 

3*6 1 

Polished, but out, ooutaot 

New cloth 

4-6 

obtained with difficulty. 
Good surface. 

Well-singed cloth 

6 

Poor surface, out. 

Cork 


Fair surface, slightly cut 



owing to bad contact. 

Wood, deal 

6 i 

Cuts, owing to difficulty of 

Brown paper, impregnated with 


obtaining good contact. 

beeswax and resin 

/ ^ 

Fair surface. 

Very thick felt . . , 

12 

Surface grey and mottled, 


used. Comparisons of a variety of materials 
when using a particular polishing medium 
con be obtained from Table II., which shows 

partly oculaire, 1671, 

vol. HI. 
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tho time required to polish a piece of crown 
glass smoothed in all cases to the same 
standard. For the purposes of comparison 
comparatively slow speeds and loads were 
employed. From the previous diagrams it 
will be understood that the time of polishing 
would be reduced by increasing these factors, 
and the relative positions of the various 
materials might be slightly modified by the 
use of another polishing medium such as putty 
powder. 

Since the time of Newton, over two hundred 
years ago, hand-polishing methods as practised 
to some extent in most high-class workshops 
have remained unaltered, except possibly in 


production of an optically flat surface ; if 
two are ground together the respective surfaces 
will become convex and correspondingly con- 
cave, the tendency in practice being for the 
upper tool to become concave. If one of 
these tools, say the convex No. 1, is then 
ground with No. 3 tool, the latter will become 
correspondingly concave, more or less like 
No. 2. If then the two concave tools Nos. 2 
and 3 are ground together, their concavities 






.b’lO. 25.— Hand Worldng. 


so far as tho materials employed are more 
uniform in quality. 

§ (0) PoLTSiiTMO Tools.— Some idea of the 
essentials of the actual flat or prism surface 
polishing operations may be oi)tainod from 
Fi(j. 25. Tho pedestal (1), which must bo 
rigid, has at its upi)cr end a standard nose- 
])ioco upon which the tools may bo screwed. 
Under the work bench there will be observed 
twf) flat tools (2) and (.3) of close - grained 
and woll-annoalod cast iron, and on tho bench 
another (5) lying face downwards with a 
wooden operating knob scrowod into tho boss. 
On the pedestal is mounted tho tool or runner 
(4) as it is called, which has a uniform flat 
surface layer of pitch, and on tho bench there 
is a similar runner (11), tho pitch surface of 
which is exposed to view. 

Throe piano tools arc necessary for the 


will both bo reduced. By grinding No. 1 on 
No. 2, then No. 1 on No. 3, and No. 2 on 
No. 3 in this way, and repeating the sequence 
of operations as long as may bo necessary, 
all throe tools become optically flat and may 
bo koi)t in this condition by an occasional 
repetition of tho process. 

Sir Joseph Whitworth’s name is generally 
associated with this method, which he applied 
to tho production of standard surface tables, 
but although the principle may not previously 
have been clearly expressed, the method 
api)ears to have boon known to the earlier 
opticians. 

Tho work is ground or smoothed upon one 
of the metal tools, fine grades of carborundum 
or emery being used as the abrasive medium. 
It is essential that the surface should be 
ground and smoothed to the desired curvature 
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or flatness, as the time of polishing depends 
upon the perfection of the smoothing opera- 
tions. Removal of material during the polish- 
ing process occurs very slowly, and it is then 
impracticable to effect an alteration of the 
shape other than a change of the figure 
involving a removal of material to a depth of 
a few wave-lengths. 

For the polishing process the surface of 
the metal runnor, which itself need only he 
approximately true, is covered with a layer 
of pitch about 12 mm. thick, the runner being 
heated gently to ensure good adherence. 
The pitch surface is then moulded by one of 
the flat tools that has been heated just 
sufficiently to soften the pitch upon which it 
is pressed. When the pitch is cold, the 
whole surface is divided into small squares 
by deep grooves which may bo out more cleanly 
under water when the pitch is of a brittle 
type. Over the pitch surface there is then 
stretched a piece of open texture muslin 
which is squeezed into the pitch by means of 
the hot flat tool, and is then peeled off, 
leaving its network impression on the surface. 

While the deep grooves help to preserve 
the flatness by breaking the continuity of 
the layer and thus preventing the centre 
parts from being squeezed towards the 
periphery, their principal function as well 
as that of the fine network is to destroy the 
suction that would hinder the free movement 
of the work over the moist pitch surface. 

The grooves also servo to retain any excess 
material that otherwise might collect and 
produce sleeks, that is, minute furrows on 
the surface of the work, or even outs. 

After the pitch surface has been prepared 
in the manner described, it is rubbed with one 
of the optically flat metal tools until it also 
is optically flat. Rouge and water are 
commonly used as the working medium, not 
only in the preparation of the pitch surface hut 
also in the operation of polishing the work. 

By means of the soft brush (7) flno, well- 
levigated rouge and water from the pot (9) 
are laid in streaks on the pitch surface of 
the tool (4), and the harder brush (6) is em- 
ployed to spread the medium uniformly over 
the whole surface upon which the part to be 
worked is laid, the sponge (8) being used 
throughout the operations to wash away 
excess material from around the edge of the 
tool. 

The operator, whose attitude is illustrated 
in Fig, 25, controls the work around its peri- 
phery by means of the fingers and thumbs, 
and, while gently pressing it into contact with 
tho pitch surface, he moves it to and fro. At 
frequent intervals, after a few such repeated 
strokes, tho work is given a wide-sweeping 
movement over the pitch surface and 
is occasionally rotated. At intervals the 


operator also stops round tho pedestal, or, 
altemaiivoly, tho lower tool may bo slowly 
rotated. 

The purpose of those movonionts is to avoid 
any regular repetition of strokes that would 
tend to local wear of tho tool or work, and 
the production of irregular sxirfacos. If tho 
to-and-fro movements in one direction wor(» 
repeated for too long a time, a broad doprewHiou 
would bo formed on tho tool suriaco, the 
optical flatness of which would accordingly be 
destroyed. 

From time to time tho pitch siirfat'-e is 
reworked or formed by moans of the metal 
tool (5), tho flatness of which is prosc^rvcul by 
occasional working with tho tools 2 and II 
Towards tho end of tho process water only is 
used as a polishing medium and tho operation 
is continued until the water is almost entirely 
dried up, which is ovidonood by a cliar- 
aotoristio squeaking noise. In this way the 
greatest possible viscjous flow of tho suriaco 
molecules is obtained owing to tho close 
contact between the work and tho polishing 
tool. 

Surface defects such as slocks are dotcut(Kl 
by examining the surface with a li)W-pow(sr 
lens, the necessary illumination being obtained 
from tho lamp (10). Dofoots of flatness are 
detected by means of tho tost x)lato (12), which 
is placed on tho surface of tho work lying upon 
a black cloth. It is essential that the tem]>(‘'ra- 
turo of tho parts should be allowed to ociualise 
before attempting to form a definite decision 
as to the character of tho surface \inder test, 
and before using the test plate tho parts 
should be thoroughly cleaned with a linen 
cloth or selvyt (13), and also freed from dust by 
means of the soft brush (14). 

At night it is eonvoniont to use mercury- 
vapour lamplight, which is approximait^ly 
homogeneous and produces black interfertmcc) 
rings that may be very readily observed. 

Much skill is necessary to obtain tho cornw*.t 
figure or form of the polished surfaoo within 
the limits essential to tho production ot 
well-defined images, and each operator has 
his own particular method of controlling tho 
figure, which indeed to some extent, deixmds 
upon individual characteristics such as the 
temperature of his hands. Two inothodH arc 
frequently employed. In handwork, with tho 
tool below the glass which has tlu^ Hmall<‘r 
area, if the surface becomes ooiuiavo th(^ 
stroke should be reduced within tho limits 
of the polisher. If tlio surface boeomes (Con- 
vex the stroke should be widen(‘d until tho 
defect is corrected. On machine work, with 
the tool having now tho smaller area abovo 
the work, these operations should be roversiwl, 
a wide stroke, and especially one that (>verlai>a 
the polishing tool, being employed to reduce 
any concavity of tho surface of tho work. 
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In the case of large surfaces, such as are 
usual in machine multiple work, the position 
of the polishing tool may be so altered that 
it acts more around the periphery or over the 
centre, as may bo desired to correct the figure. 

The second method consists in ringing 
the tool, that is, in broadening the furrows 
or scraping the tool surfaces, and thus re- 
ducing the effective polishing area at the 
centre or towards the edge, according to the 
requirements. 

Thus, suppose a block of concave lenses 
is too shallow. To correct the figure it is 
necessary to remove material from the centre. 
This may bo done by lengthening the stroke 
of the block so that at the ends of the travel ] 
it overJaiis the polishing tool, with the result 
that for a portion of the time the outer 
parts, as compared with the centre, are not 
acted upon and are not reduced to the same 
extent ; or the outer ])orU<)n of the polishing 
tool may bo reduced by scraping, or the 
effective surface reduced by ringing, so as to 
increase the relative effect of the centre ])arts. 

A polisher that has been \isod for a consider- 
able time often becomes glazed and loses its 
effect, so far as tlio removal of glass is 
oonoornod, b\it not as regards the actual 
polishing action if the contact is good. It 
has been suggested that the glaze which 
may he readily scraped away is a more or 
loss continuous layer of glass. ^ 

Particular results are also obtained by a 
proper selection of the polishing layer. 

In the case of })itch, whicli should be a good 
quality of Burgunily pit(th, the hardness must 
bo varied by more or less })rol()ngod boiling 
to suit tlio tomporaturo, and to some extent 
the nature, of the glass and work. 

Thus, unless the workshoi) tomporaturo 
can ho kept constant, whicdi is not easy so 
far as the reduction of the maximum summer 
tem])eraturo is concornod, a hard, woll-boilcd 
pitch must ho used in summer and a softer 
])itch in winter. 

Some operators prefer the use of wax 
instead of i)itch, and particularly for the 
l)(>lishing of curved work. 

Prom Fig. 20 it will bo scon that there arc 
cjharactoristic diffcirences attributablo largely 
to differoncos in the vis<;ositios of the materials. 
Abscissae represent tomi)eraturos and ordinates 
the rates of ixmotratiou of a steel disc untlor 
a constant load. Whereas the pitch yields, 
even at the low temperatures, very little 
change occuirs in the heeswax-rcsin composition 
until a temperature of about 27" C. is reached, 
when the viscosity rapidly changes. As the 
normal temperature of working rarely exceeds 
23*^ 0., it will bo evident that wax layers are 
not so suscoi)tible to fluctuations of terapera- 

^ “The Surface Layer of an Optical T^olishlng 
Tool,“ J. W. Pronoh, Free. Opt. 1020, xxv. Ko.3. 


ture as pitch layers. Wax therefore retains 
its shape better than pitch, but its form is not 
so easily manipulated when a modification of 



the figure is desired, and the difficulty of 
obtaining good contact is greater. 

§ (10) PoLisiriNo Processes. — Only the 
very highest qualities of optical work or small 
quantities of individual parts are made by 
skilled hand methods. Per the production 
of parts in largo quantities considerations 
of cost make the use of machinery essential. 
Although highly specialised machinery has 
been evolved for the manufacture of particular 
products, such as spectacle lonsos,* there are 
certain well -defined methods and typos of 
machinery, a description of which alone will 
suffice to indicate the fundamental principles. 

The machine processes may bo divided, as 
in the case of hand work, into the three 
groups : 

{a) Forming or roughing. 

(6) Smoothing. 

(c) Polishing. 

Fkoijuontly tlio raw glass is supi^liod in 
the form of plates which are cut to the approxi- 
mate shape by moans of saws, as illustrated 
in Fig. 27. Those saws are thin sheet-metal 
discs of a soft charaotor. Iron armature 
stampings arc v(5ry suitable for the purpose. 
I''ho edge of the saw is notched and charged 
with diamond dust mixed with oil to the 
consistency of a fine paste. In Germany 
it is common practice to out deep radial 
periphoml slots about a millimetre broad and 
to fill those with load, which holds the diamond 
dust more offoctively. 

The work, which may be a pile of plates hold 
within the jaws of an adjustable holder, is 
pulled by a weight against the cutting edge, 
the movement being controlled by the with- 
drawal of a screwed abutment. 

* Mule der Optik. (Uoichcu und Klein, 19U, 
practical Hoctlon by Klein. 
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Turpentine as a lubricant gives the best 
results, but it has the disadvantage of being 
costly. Petrol is very suitable. Water with 
a small admixture of soda to prevent rusting 
of steel parts, although less effective, is 
commonly used. 

An average peripheral speed of the saw is 
about 1200 feet per minute. 

Labour and expense in cutting may be saved 
by the use of glass that has been moulded to 
approximately the correct shape and size, 
enough excess material only being allowed 
to ensure that when aU the irregularities of the 
surface have been ground away the sizes will 
not be too small. 

When the quantities involved are not large, 
the actual forming of the work to the required 
linear dimensions and shape within usually 



Pig. 27’ — ^Disc Sawing Machine. 


an angular limit of + three minutes is some- 
times done by hand, as indicated in Fig. 28, 
the angles being tested by means of simple 
adjustable gauges ^ or, in the case of lenses, by 
disc gauges turned to the appropriate radius. 
For the roughest grinding, sand or coarse 
carborundum or emery may be used, the 
sand being cheapest but slowest in action. 
If a plant for the washing and grading of the 
abrasive is installed, ^ the use of a single type 
of abrasive such as carborundum, a coarse and 
cheap grade of which only need be purchased, 
is both economical and convenient. 

When two abrasives such as carborundum 
and emery are employed for the coarser and 
finer grinding processes respectively, great care 

' JSandbuch der praMischm Optih, by Halle, 1913. 

* The Q-radinpt of Carborundum for Optical 
Purposes," Trans. Opt. Soc., Oct. 1917. 


must be exercised to avoid contamination of 
the emery with the harder carborundum. The 
large cast-iron grinding disc in Fig. 28, which 



Fig. 28. — enough Grinding Maclilne. 


runs at a speed of about 250 revs, per minute, 
serves the double purpose of breaking down 
the coarser abrasive preparatory to fine grad- 
ing and of forming the heavier work. 

In the case of multiple work the cost of labour 
generally necessitates the 'adoption of grinding 



machinery, one type of which is illustrated in 
Fig. 29. A number of parts are mounted upon 
an adjustable holder on the table of the 
machine, the holder being so arranged that 
it can be accurately angled in accordance 
with the indications of a scale. The table 
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runs tho work longitudinally under the 
grinding wheel, and at the end of each stroke 
its motion is automatically reversed, the 
grinding being done during both strokes. At 
the end of each stroke the table is also fed 
transversely, automatically or by hand. 
Fithor a heavy cut of about 1 mm. with a slow 
table speed or a light cut of mm. with 
a fast cutting speed of 10 feet per minute may 
be used, but generally it is desirable to avoid 
the heavy forces incidental to a heavy out. 

The grinding wheel, which is fed down by 
hand as required, is a fine-grade carborundum 
type, such as 220 J, running at a peripheral 
speed of about 500 feet per minute. 

An ample supply of lubricant, such as water, 
is essential to avoid all danger of the formation 
of minute heat cracks. 

Milling outtoi's in the form of cylinders of 
copper, the surfaces of which are grooved 
longitudinally and charged with fiamond 
dust, have been used by some of the more 
important Gorman opticians, but such cutters 
now appear to have been generally abandoned, 
except for certain minor operations, in favour 
of carborundum wheels. 

Glass milling, as compared with surface 
grinding, has the disadvantage of being com- 
parativtdy slow and therefore relatively costly. 
This will bo evident when it is oonsidorod that 
there is only line contact between the wheel 
and the surface of the work, which for the groat 
part of the time is therefore not being acted 
upon, whereas in the case of surface grinding, 
material is being removed continuously from 
every part of the surface. 

iSurfiwse grinding is usually done by means 
of a (sast-iron disc with loose abrasive, and the 
parts to be operated upon are mounted in 
accurate multiple jigs, the oxponso of which 
can only be oonterti])lated when the number 
of pio(^CH to bo manufa(5turod is largo. 

As the work must be formed practically 
within the final inspocjtion limits, it is necessary 
that the macdiino should be capable of working 
to an angular limit of al)out 2 minutes and a 
dimensional limit of about mm. to mm. 

After the individual parts have been formed 
to the exact shape tlioy are siibmittod to the 
smoothing processes ])rei)aratory to being 
polished. For this purpose the faces to be 
polished are [>laood in contact with an optically 
worked tool, Fi{f, 30, the surface of which has 
boon thoroughly cleaned and slightly oiled. 
(Jaro must tfiken to emsure that the layer of 
oil bctw(‘(ui the surfaces of the work and the 
tool is not too thick, as otherwise a very 
slight pressure on oiu^ end of the piece may 
Buflico to introduce an angular error of a 
minute. With a little prae.titu^ such errors, 
ev<m in th(^ (^aso of fa(uiH of a few contimotros 
length, may be avoided. 

Over the tool there is thou placed a circular 


framework, into which is poured a layer of 
plaster of Paris of about 3 mm. thickness. 
After the plaster has solidified the frame is 
filled with a special cement whose volume 
remains practically constant after solidification. 



Fig. 30. — Block of Prism. 


Plaster of Paris and cements that contain free 
lime have the disadvantage that, owing to 
crystalline changes in the solid condition, the 
volume after, solidification increases for many 
months, the growth being comparatively 
rapid during the first few weeks. 

In such a case, owing to this expansion, the 
smoothed surface of a cemented block of 
prisms tends to warp to an extent that may 
unduly prolong the polishing time, or even 
necessitate re- smoothing. 

Plaster of Paris mixtures are suitable for 
blocks of 25 cm. diameter, and can be used for 
blocks of 60 cm. diameter if there is no delay 
between the smoothing and polishing processes 
and if the latter is completed rapidly and in 
one operation. For large blocks of 1 metre 
diameter, such as is illustrated in lig. Si, 
special cements are essential. 

The frame with the sohdified cement con- 
taining the prisms is stripped from the oiled 



Fio. 31.—Hmoothing or Poliahiftg Machine for 
Blocks 1 metro diameter. 


surface of the plate, and when turned over the 
thin layer of plaster of Paris can he removed, 
leaving the surfaces of the prisms projecting 
from the layer of cement, the face of which 
is cleaned and varnished to make it thoroughly 
waterproof and to prevent fragments from 
breaking loose and mterfering with the work 
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of polishing. The thin layer of plaster of 
Paris has no appreciable ill-effect, as its thick- 
ness and time of action are both small. 

For the actual smoothing operation a 
machine of the general type, originally devised 
by Lord Rosse,^ indicated in Fig. 31, is 
employed, but although the principle involved 
is generally the same in aU cases, the arrange- 
ments vary considerably. 

In a machine tool for the working of metals 
or the forming of glass, such as is indicated 
in Fig. 29, the plane in which the work moves 
and the axis about which the tool rotates are 
both definitely fixed. The accuracy of the 
work is accordingly dependent upon the 
accuracy of the machine. 

As the accuracy requisite for the polishing of 
an optically good surface is nearly ten times 
as great as is obtainable with the best t37pe of 
machine tool, it is necessary for the manu- 
facture of optical work to adopt the floating 
tool principle previously referred to in connec- 
tion with the preparation of flat grinding tools. 

In Fig. 31 it will be seen that the flat 
grinding tool rests freely upon the surface 
of the work, the diameter of which is about 
20 per cent greater than that of the tool,® 
and that it is moved by a central pin resting in 
the hollow socket of the tool. For the actual 
movement of the tool various mechanisms 
have been introduced, but that indicated in 
the illustration is the most common. 

All the arrangements ® are particularly 
designed to sweep the tool over the surface 
in a continually and widely varying path 
thiCt only repeats itself after a great number 
of strokes, and further, to provide simple 
adjustments whereby the action of the tool 
may be distributed more or less over the 
central or outer zones of the work for the 
purpose of regulating the form or figure. 

Behind the machine there are situated two 
vertical shafts each caiTying at its head a 
crank -pin the distance of which from the 
centre of rotation is adjustable. One crank 
drives the end of the main driving arm through 
the intermediary of a gimbal connection that 
enables the arm to be raised when necessary 
quite clear of the tool. The other crank 
similarly drives a radius bar coupled to the 
driving arm. As the throws of the crank are 
independently variable and as the point of 
connection of the radius bar with the driving 
arm is adjustable, a large variation in the 
path of the tool is obtainable. It is important 
that the revolutions of the crank spindles 
should not be a whole multiple of the work 
spindle revolutions. A hunting tooth should 
be introduced in the gearing, otherwise a 
portion of the surface will take longer to 

^ Lord Eosse’s TeteseopeSf 1884, and Phil. Tram.. 
1840. 

* DeuUche mech. Zeit.. 1909, lx. 81. 

* PLandbuch d&r prakt%8chen Optik, Halle, 1913. 


smooth or polish, thus increasing the time of 
the operation. By adjusting the length of 
the radius bar the tool may be made to act 
more over the periphery of the work, and the 
length of the stroke may be altered by a 
variation of the amount of throw of both 
cranks. These adjustments are necessary for 
the control of the form or figure of the work. 

To determine by calculation the distribution 
of the grinding or polishing action over the 
surface of the work is very difficult and 
laborious. As w^as previously stated, the 
action is practically directly proportional to 
the relative speed of the tool and the work. 
When the tool is concentric with the rotating 
work, both rotate together, and there is no 
relative movement or grinding action unless 
a partial brake is ap])lied to the tool. As 
the tool passes from the centi-e towards the 
periphery its velocity changes, and there is 
then relative motion of the tool and work 
and consequently abrasion. This rotation is 
always in the same sense as that of the work, 
but it necessarily varies throughout the 
cycle, although the momentum of a heavy 
tool acquired when in the concentric position 
tends to make the rotation more uniform. 

The action at any particular point depends 
upon the time the part is acted upon by the 
tool, and this varies with the relative positions 
of the tool and the work, as the stroke is 
generally such that the tool sometimes over- 
laps the work at continually varying positions 
and by varying amounts. 

The action is also proportional to the load, 
and this is not constant as the area of the tool 
in contact with the work varies in the over- 
lapping positions. 

From these considerations it will be evident 
that the problem of determining the distri- 
bution of the action even under the simplest 
conditions is a very complex one. 

The object of the smoothing process is to 
remove irregularities of the total surface 
arising principally from small errors in the 
laying down or assembling of the individual 
parts and minor distortions of the mass, 
and to remove any accidental small holes or 
cuts introduced by the coarser abrasive during 
forming. If the initial work has been well 
done the amount of material to be removed 
is small, but as the rate of removal of material 
during the smoothing operation, when fine 
emery or carborundum is used as an abrasive, 
is much more rapid than during the polishing 
stage when rouge is employed, the importance 
of good smoothing will be evident. 

The polishing process is practically a 
continuation of the smoothing, the same 
methods and type of machine being employed ; 
but a polishing medium such as rouge is used 
in the first instance instead of an abrasive, 
and a pitch, wax, or cloth polisher instead 
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of a metal tool. As in the hand-polishing 
process previously described, water only is 
used as a polishing medium in the final stages 
of the operations. 

§ (11) Polishing Machine. — Another type 
of machine capable of polishing a block about 
1-5 metros in diamoter is indicated in Fig. 32, 


The edged blanks after being separated and 
cleaned are mounted in the tool indicated in 



prodiKition of curvtHl work such iwi the clomonts 
of an c>bj(H‘.tive or an (syopioce. 

In tlio lirst method, which is not oxtonsivoly 
a<loptt^d on ae<M)unt of the accurate jigs that 
are involved, the Icuh blanks ar(^ ground to the 
final <liarnt>t<,'r to within a limit of about minus 
1/20 xnm. H(»v(‘ral pih's of (lises cemented 
togcthc^r preparatory to being ground to the 
eornu't (liaiut‘tcr ar(^ shown in Fig. 34, which 
also illustrateH the carborundum wheel edging 
ma(iUino. 


Jj’ia. 35. — Hand Centring and Edging Machine 

the periphery of the Ions, if circular, is ground 
true with the optical axis of the lens. 

This operation is indicated in Fig. 36. The 
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lens to be edged is slightly heated and cemented 
to the nose of the hollow spindle of a small 
lathe head. While the cement is soft the 
position of the lens is adjusted until the two 
reflections of a light or other object from the 
front and back surfaces of the lens ^ do not 
rotate when the spindle is slowly revolved. 
This occurs when the optical axis of the lens 
coincides with the axis of rotation. The 
cement is then allowed to harden, and the 
grinding of the periphery true with the axis 
of rotation, and therefore with the optical 
axis of the lens, is performed by pressing a 
brass plate against the edge wMle using emery 
or carborundum as an abrasive. 

Various types of machines are employed 
for special operations and more particularly 
for the production of spectacle lenses,* 

Astigmatic lenses are produced on machines 
in which a cylindrical tool is made to oscillate 
about the axis of the cylinder, the work itseM 
being prevented from rotating. For the 
multiple production of toric lenses in which 
the two axes of curvature are approximately 
at right angles to each other, the lenses are 
■worked upon cylinders of the appropriate 
radius and ground by means of tools whose 
cross-sections correspond with the curvatures. 

Single and special toric lenses are ground 
individually upon small special machines, but 
in an article such as this, which is concerned 
more with general principles than with the 
mechanical appliances, it is not possible to 
describe in detail the numerous types of 
machine that are employed for spectacle work. 
The most complete information on this par- 
ticular subject is obtainable from the catalogues 
of the optical machine tool makers or from 
the practical handbooks already referred to. 

j. w. r. 


Optical Path Dippbrbnob ; the difference in 
the total optical path travelled by rays of 
light which pass through an optical system 
at different distances from the axis. See 
“ Microscope, Optics of the,” §§ (7) and (8) ; 
also “ Light, Rectilinear Propagation of.” 

OPTICAL ROTATION AND THE 
POLARIMETER 

The rotation of the plane of polarisation 
was first observed in the year 1811 by Arago 
in quartz plates. Further, Biot, and also 
Seebeok, discovered the optical activity of 
some organic substances, oil of turpentine, 
and solutions of sugar and of tartaric acid. 

Biot established the nature of the pheno- 
menon and its laws in a long series of important 

^ Dioptricks 1092; Molyneux, chap. iv. of 
Mechanick-Dioptricks, p. 220. 

* Schule der Optik, Gleichen und Klein, 1914, 
Praktischer Teil. 


papers which extend over a period of forty- 
seven years (1813 to 1860). 

Fresnel published the theory of the proper- 
ties of quartz and introduced the term 
“ circular polarisation ” in 1831. 

W. Herschel and J. Herschol recognised the 
significance of certain faces on the quartz 
crystal for predicting the direction of the 
optical rotation. 

An epoch-making discovery was Pasteur’s 
in 1848. He proved in the case of tartaric 
and racemic acids that one and the same 
active substance may occur in two forms, 
with opposite rotatory power, as well as in an 
inactive modification. 

Pasteur stated that substances which are 
optically active as crystals or in solution 
crystallise in hemihedral forms, i.e. the crystal 
and its mirror cannot be superposed. (Pasteur’s 
rule is not reversible, hemihedral crystals do 
not always rotate polarised light) (1). 

Pasteur thought that the optical activity 
might be caused by a lack of symmetry of 
the entire molecule. He imagined that the 
atoms might be arranged in the form of an 
irregular tetrahedron or of a screw. 

No progress of theoretical importance was 
made until 1874, when Van t’Hoff and Le 
Bel, independently of each other, put forward 
the celebrated theory that the optical rotation 
of organic compounds is due to the presence 
of an asymmetric carbon atom. They each 
assumed that the four valencies of the carbon 
atom are directed to the points of a regular 
tetrahedron. If each of these valencies is 
attached to a different atom or radicle it is 
seen that two non-superposable tetrahedra 
result, and these are the left- and right-handed 
forms of the active substance 

Thus the polarimeter has played as cele- 
brated a role in the development of theoretical 
organic chemistry as its essential parts, the 
nicol prism and the quartz plate, have done 
in theoretical optics. 

The rapid progress of synthetical organic 
chemistry in the later decades of the nine- 
teenth century led to the study of a large 
number of new compounds which rotated 
polarised hght. 

One of the most celebrated of the prolonged 
researches connected with the polarimeter 
was Emil Fischer’s on the constitution of 
the sugars, in which the interpretation of 
optical activity played a prominent part. 

The discovery of compounds whose optical 
activity was due to the asymmetry of a 
nitrogen atom was followed by the brilliant 
work of Pope on optically active tin, etc., 
compounds. 

Theoretically, optical rotation could arise 
from asymmetric valencies of elements other 
than carbon. These predictions have been 
realised. We are now acquainted with sub- 
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stances whose rotation is due to asymmetric 
nitrogen, tin, sulphur, selenium, phosphorus, 
silicon, chromium, and cobalt (2), English 
investigators. Pope, Peachey, Smiles, Neville 
and Kipping being chiefly concerned with the 
first six elements, while Werner was successful 
in obtaining the active compounds of chromium 
and cobalt. 

Besides these inquiries of fundamental 
importance, the polarimeter was employed 
in a classical piece of research by Wilhelmy 
in 1850. He measured the rate of inversion 
of canc sugar and put forward the first correct 
mathematical treatment of the velocity of a 
chemical reaction. The extraordinary con- 
venience of analysing a solution by optical 
moans without altering its composition was 
the motive for employing the instrument. 

Much work has been carried out on rotatory 
dispersion, but the interesting results obtained 
still await theoretical explanation. Technical 
use was made of rotatory dispersion in 1910 
by M. E. Barmois, who found that the propor- 
tions of alpha and beta Pinene in rectified oil 
of turpentine could be determined by measur- 
ing the rotatory dispersion (3). 

Magnetic rotation of the plane of polarisa- 
tion, discovered by Faraday, was the subject 
of prolonged research by W. H. Perkin, 
senior, who showed that it was a property 
depending mainly on constitution, although 
there arc some additive relationships. 

While the study of rotatory dispersion 
prevented a too narrow interpretation being 
placed on the results with sodium light, a 
study of the influence of the solvents showed 
that not only the amount but also even the 
sign of the optical rotation could vary when 
the same substance was dissolved in different 
Ht)lvcnts. 

Arising out of this purely scientific work is 
an intoresting analytic^al method. The quanti- 
tativ(' OHtiniation of benzene in cyclohexane 
is difiicult and troublesome, but by taking 
advantage of tho fact that benzene is almost 
without influence on the rotation of ethyl 
tartrate, whilst cyclohexane exerts a consider- 
able depressing infiuonco, tho proportions 
of the two Bui)stancos present in a mixture 
may bo estimated within about 3 per cent 
by tlus simi)le determination of tho rotatory 
pow(^r of a mixture with a fixed proportion 
of the est(ir (4). 

Tlio inll lienee of the solvent is also clearly 
shown in an important paper by F. H. Carr 
an<l W. ('. Reynolds (5) on tho rotatory power 
of alkaloids. They found, inter alia, that 
hydrastine has a strong dextro -rotation in 
50 per cent alcohol, while it is inactive in 
95 per cent alcoliol, and hwwo-rotatory in 
absolute al(‘.ohol. These observations suggest 
that indirect determinations of inactive 
Hubstaucos may often be possible, by measuring 


their influence on the rotation of an admixed 
active substance. It has been known for a 
long while that boric acid and also acetone 
and other substances have a powerful effect 
on the rotation of tartaric acid. For tho two 
substances mentioned, there are excellent 
chemical methods available ; where this is 
not the case a polarimetrio method might well 
be looked for. 

Although a distinction may be broadly 
made between essential oils, which are optic- 
ally active, and mineral and fatty oils, which 
are optically inert, the exceptions are of great 
importance. Castor oil is the only common 
vegetable oil which exhibits a distinct though 
slightly variable rotation. Mineral oils were 
thought for some years to be optically inactive, 
but further study has proved that they possess 
a small rotatory power, and this fact has 
supported one of the theories of the origin of 
petroleum. 

The temperature correction may be of 
groat importance for the analysis of a mixture, 
thus a mixture of dextrose ( + ) and invert 
sugar ( 4- and - , the latter predominating) 
may be analysed at 87® C., when the rotation 
of invert sugar becomes 0. 

Starches can be determined by the polari- 
metcr by Ewen’s method and its later modifica- 
tions ; thus the products of another important 
industry may be controlled by this instrument. 

The relation between concentration and 
specific rotatory power has been determined 
for a number of substances with a very 
high degree of accuracy, notably cane sugar, 
galatOBO, cocaine, lactose, maltose, glucose, 
camphor, nicotine. Synthetic camphor ” can 
be distinguished from natural camphor, and 
adulteration of inactive oils (suoh as almost 
all tho fatty oils) with rosin or rosin oil is 
easily detected. 

The loft- and right-handed forms of active 
substanooB, e.g. sugars, can be separated by 
the action of micro-organisms, such as yeast 
and moulds which preferentially destroy one 
of tho isomers. The isomers differ also in 
their boliaviour with digestive enzymes of the 
animal body. 

Tho explanation generally adopted is that 
the enzymes of fermentation and digestion 
are thomsolves asymmetric and attach them- 
selves to one optical isomer, in virtue of spatial 
arrangomonts which have boon compared to 
tho fitting of a key in a lock. 

The first stop in what may prove to be an 
inquiry of considerable significanco in biology 
is marked by the preparation of d- and Z-forms 
of simple dyes containing an asymmetric 
system, Tho work has not proceeded far, 
hut ovidonoe has already been obtained that 
these opticial isomcricles are selectively ab- 
sorbed by wool, and tlie prospect is thus opened 
out that they may ultimately be used in tho 
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staining of sections so as to reveal more 
completely the chemical constitutions of 
tissues. This field of research has not been 
explored by the chemist, and there is ample 
scope for future developments of great 
importance ” (6). ^ 
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Optioal Square : a device for deviating a 
ray of light through 90® irrespective of the 
angle of incidence. See “ Rangefinder, 
Short-base,” § (9). 

Optical Thickness : the product fd, where 
fx is the refractive index and t the tHckness 


of a plate of refracting substance. If is 
not constant throughout the material the 
optical thickness is the line integral of /jdt 
along the path traversed by the light. See 
“Interferometers, Technical Apph' cations,” 
§{3). 

Optometry : a term sometimes applied to all 
ocular methods of estimating the refraction 
of the eye, but generally confined to instru- 
ments where an adjustment of lenses is 
made by the patient, in order to obtain the 
clear image of an object, and the result 
recorded on the metric scale. See “ Oph- 
thalmic Optical Apparatus,” § (11). 

Organ, Reed Ripes in the. See “ Sound,” 
§(32). 

Organ Pipes without Reeds. See ‘ ‘ Sound, ’ ' 
§ (33). 

Oxide oe Iron : a cause of colour in glass. See 
“ Class, Chemical Decomposition of,” § (1). 

Oxide op Lead : a constituent of glass. 
See “ Glass, Chemical Decomposition of,” 
§( 1 ). 


P 


Parabolic Reflector. See “ Projection 
Apparatus,” § (6). 

And electric search-lights. See ibid. § (8). 
And electric signalling lamps. See ^id. 

§( 9 ). 

Used as a headlight for a motor-car. See 

ibid. § (7). 

Parallax (Chromatic) : a parallax effect due 
to the chromatic aberration of the eye. See 
" Eye,” § (27). 

Paraxial Rays : rays of light comprised 
within a narrow pencil close to the axis of 
an optioal system. See “ Microscope, Optics 
of the,” § (3). See also “Optical Calcula- 
tions,” § (5). 

Partial Plash : a term applied to the light 
afforded by a projector when only certain 
parts of the front aperture are seen as of the 
same intrinsic brightness as the source ; 
this term applies also to systems in which 
certain areas of the front aperture are seen 
filled with a “ coloured fiash ” due to the 
“ partial flashing ” of certain primary 
colours. See “ Projection Apparatus,” § (3). 

Pelorus or Bearing Plate, description and 
method of use. See “ Navigation and 
Navigational Instruments,” § (17) (ii.). 

Penetrometer : an instrument for measur- 
ing the penetrating power or quality of 
X-rays. See “ Radiology,” § (21). 

Pentane Lamp : a flame standard of 10 
(tandlo-powor devised by Vemon-Harcourt. 
See “ Photometry and Illumination,” § (6). 


Perimeter or Scotombter : an ophthalmic 
instrument used to measure the field of 
vision from the macula to the peripheral 
parts of the retina, and to plot out the 
portions of the retina which are totally 
or partially atrophied. See “ Ophthalmic 
Optical Apparatus,” § (5). 


PERISCOPES 

§ (1) Prinoible of Periscopes. — ^As the name 
denotes, periscopes are optioal instruments in 
which the general course of the rays, instead 
of being confined approximately to the neigh- 
bourhood of a single straight line, is deflected 
once or more into new directions with the aim 
of giving an observer a view from a position 
in which it is inconvenient to place his head. 
Among the best known examples are various 
forms of trench periscope, which consist 
essentially of small telescopes with reflectors 
at the top and bottom, or even of a small tube 
only to which mirrors have been attached at 
each end, so that the ray paths tend to con- 
form to the shape of a crude letter Z. By 
the aid of such an instrument the observer is 
enabled to see what takes place, say, on the far 
side of a parapet behind which he himself is 
protected from bullets. Essentially similar in 
their general aim are the periscopes used on 
submarine boats to take observations above 
the sea while the vessel remains submerged. 
These naval instruments arc more com])lex 
than those used on land, and as they provide 
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good illustrations of all the features which 
are found in periscopes generally, it will be 
convenient to consider the submarine peri- 
scope as the typical instrument of this class. 

§ (2) Reflecting Systems. — Although peri- 
scopes have the bent ray path as their most 
obvious characteristic, optically this feature 
is of no importance. Any refracting telescope 
can be converted into a periscope by the 
insertion of mirrors in suitable positions 
without the necessity for any modification in 
the oonstraction of the lenses. If reflecting 
prisms are substituted for mirrors the necessary 
changes in the system are very slight in char- 
acter, and may be allowed for in the original 
design by supposing symmetrical blocks of 
glass of suitable thickness to be present, as no 
optical difference would then exist between 
the instrument with a straight ray course 
and that in which the light path suffers 
deviations. The reflecting and refracting 
systems are independent also in another sense, 
for though the size and the accuracy of surface 
necessary in the mirrors may vary greatly 
with their positions relative to the lenses, yet 
those positions are unimportant as far as the 
typo of imagery yielded by the complete 
instrument is concerned. For instance, if a 
certain combination of mirrors and a telescope 
produces an upright image of a clock face with 
the hours increasing on a right-handed rotation, 
no image either inverted or with left-handed 
rotation will be produced by transferring the 
whole reflecting system so that it is entirely 
external to the telescope, and either precedes 
or follows it. To decide therefore what mirror 
systems are of value for the construotion of 
periscopes, it is only necessary to consider 
whether the telescope to bo employed is of the 
invei*ting or of the erecting typo. 

The commonest reflecting system consists 
osH(«itially of two plane reflecting surfaces 
parallel to one another (Fig. 1). Light 
^ flucKJossively reflected at 

P* ^ these two surfaces 

^ emerges parallel to its 

original direction, being 
merely laterally dis])laced 
by an amount ^rropor- 
tional to the sej^aration 
of the mirrors and to the 
sine of tho angle of in- 
<'.idonee. A (^loe-k face 
Fuj. i. examined by light re- 

flected from such mirrora 
])r(^soiits the same appearancjo as wlum viewed 
(linnet. 8u(!h a systcun of mirrors in conjunc- 
tion with an erecting hflescofre givt^s a correct 
view of tlic Hc(mc examined wlum the observer 
faces the direction of sight. Anotln^r simple 
systrun consists of two plam^ mirrors at right 
angles to one another (Fig. 2). Since the 
deviation jrrodiuKHl in any ray is twicr^ the 


angle between the outward drawn normals to 
the mirrors, the observer must have his back 
towards the direction of sight, and from this it 
follows that an image will appear correct to the 



observer when it is upright, but inverted left 
for right in space relative to tho object. Now 
tho two mirrors hy themselves, if placed one 
above the other with their lines of intersection 
horizontal, will obviously produce inversion in 
the vertical but not in the horizontal direction; 
Since an inverting telescope inverts in both 
directions, the combination of those two mirrors 
with an inverting telescope will yield images of 
the type required (Fig. 3). If a correct view is 



Fig. 3. 


required with an erecting telescope when the 
observer has his back to the direction from 
which light roaches tho instrument, tho re- 
flecting system must be of a typo which returns 
an imago of correct appearance to tho observer 
when used alone. The host known system 
of this kind csonsists of three plane mirrors 
mutually at right angles to one another, and 
mjiny others only slightly loss simple may 
bo devised. A ])oriscopo of tho reversed vision 
type may therefore bo constructed with a plane 
upi)or mirror deflecting tho light downwards 
through an erecting telescope at the lower end 
of which is a “ roof ” ■i)rism or two mirrors 
forming a roof, tho edge of which is normal 
to tho lii'st mirror (Fig. 4). Roof prisms 
would be utilise<l very widely in optical 
instniments for their valuable ])roperties 
were it not that tho high degree of accuracy 
required in the angle between tho two lo- 
fle(‘.ting suria(ies to avoid double images 
makes their tnannfactiire very costly. In 
many (lases this difluiulty ean bo avoided at 
tho cost of coinpac.tiioHS by displacing the 
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roof conibina.tioii laterally, so that the light 
always meets the surfaces in the same order. 
Another case in which a roof combination 



may be used is when an inverting telescope 
is employed with the observer facing the view. 
If the roof prism replace the lower plane 
prism of Fig. 1, the lateral inversion it causes 
compensates the inversion of the telescope 
in the horizontal plane, but the vertical in- 
version is uncorrected. The substitution at 
the upper end of the 
periscope of two mir- 
rors inclined to one 
another in the vertical 
plane at an angle of 
45® for the single 
mirror is a possible 
method of completing 
the rectification of the 
image (Fig. 5). An 
alternative of much 
importance consists in 
the introduction of an 
inverting isosceles prism. With this com- 
bination an erect image may be secured con- 
veniently whatever the angle between the 
line of sight and the direction of observation 


important that the directions of sight and of 
observation should be identical, and as the 
use of roof reflectors is not free from difficulties 
erecting telescopes become necessary. 

§ (3) PiELD OE View and Illumination. 
— ^Prom the point of view of light deflection 
then the periscope offers no new 
problem at all for consideration. 
Optically its special character- 
istic is that, when the extent of 
the field of view required and 
the amount of light necessary 
from each part of the field are 
considered, the instrument is 
of such unusual length that 
special forms of construction 
are essential to enable those 
particular features to be realised 
in an acceptable manner. 

(i.) Simple PerUcopes. — Sup- 
pose that a distant view is 
seen through a long tube of 
length I and diameter d. The 
xdsible field has an angular 
diameter dfl if tho observer’s 
eye, situated in tho position 
marked E in the figtires, is 
stationary and the diameter of 
the pupil is small in comparison 
with d (Fig. 7). 
If a lens of dia- 

f (l\ metor d and focal 
length l/Q is 
placed in the 
Fig. 6 . tube at one-thinl 

its length from 
the observer’s end, an inverted imago of the dis- 
tant view of angular diameter 3d/Z will bo seen 
at the principal focus of the lens which is at a 
distance ?/6 from tho observer’s eye (Fig. 8). As 
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may be. The best known instrument of this 
kind has an upper isosceles right-angled prism, 
a lower roof prism, and an isosceles inverting 
prism placed along the vertical axis of the 


far as the field of view is concerned tho oyo is 
virtually placed at e, the image of E formed 
by the lens. As exception is taken to a system 
such as the above, which noccssitatos focussing 



e 

Fig. 8. 


telescope, so mounted that it rotates through 
half the relative displacement of the upper and 
lower prisms. This arrangement is illustrated 
in Fig. 6. 

In submarine periscopes it is considered 


the eye on a fixed near plane, the single lens 
must be replaced by a tolcKcopic Hystem. 
The simplest consists of two single lcnH(‘S of 
equal focal length with their sej)araf.ion doubl(‘ 
the focal length of cither. If these arc placed 
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at the ends of the tube the field of view is 
the same as for the vacant tube, but the image 
is inverted {Fig. 9). If the lenses are now 
reduced in focal length and are appropriately 


fall far short of those required in submarine 
periscopes, and the inverted image is also 
objectionable. The addition of further lenses 
enables both defects to be removed. 



Fig. 9. 


placed in symmetrical positions in the tube, 
the field can be increased up to four times its 
original value when the lens separation is JZ 
(Fig, 10). If the symmetrical arrangement 


A particularly simple form of erecting 
telescope consists of three equal lenses spaced 
at equal intervals, the separations being three 
times the focal length of the individual lenses. 



is abandoned, tho most favourable disposition 
with two equal lenses is reached when the focal 
length is ^/5, the distance of the first lens from 
the objoct ehd of the tube being 2Z/6, which 


If such a system were inserted in the tube and 
occupied its entire length, the eye would be 
virtually placed a distance \l in front of the 
tube, and the field of view would be Mjl 



is also the distance between tho lenses (Fig. 11). 
Tho imago of the eye is then half-way between 
the front of tho tube and the loading lens, and 
it is easy to see that a variation of the system 


(Fig. 12). As the outer lenses are made to 
approach the central lens and the focal lengths 
of all suitably reduced, the field of view in- 
creases, reaching the best value Id ft when the 



Fig. 12. 


in ono direction results in a reduction of the 
field below Cxl/l through the failure of the rays 
required to moot tho aperture of the first lens, 
and a variation in tho other direction leads 


separations and the distance from the front 
of the tube to the first lens are each 2Z/7 {Fig. 
13). This is not the only form of telescope 
of unit magnifying power which can be oon- 



e 


Fig. 13. 


to tho obstruction of rays between the objoct 
and tho virtual position of tho eye by the front 
of tho tube. To take an actual example, if 
tho tube is thirty feet in length and six inches 
in diameter, tho natural field of view is about 
ono degree, and the best with two lenses is 
about five degrees. Fields of this magnitude 


structed of three equal lenses uniformly spaced, 
for evidently in Figs. 9 to 11 a third lens of 
any power could be inserted half-way between 
the lenses shown in the plane of the real image 
without disturbing tho telescopic character of 
the imago. The effect of such a lens is merely 
to alter the extent of tho field of view. The 
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insertion of the lens in this system, however, 
does not influence the inversion of the image, 
so that the one system of three lenses presents 
an upright and the other an inverted image. 

(ii.) Six-lens Periscopes . — When a greater 
number of lenses is used there is a choice of 
many different separations when the spacing 
is uniform and the lenses are of equal focal 
length. Consider, for example, a system with 
six lenses. Two telescopes each having three 
lenses if combined will produce a six-lens tele- 
scope with an upright image, whether the 
image is upright or inverted with three lenses. 


On the principle of combining two telescopes 
together it is obvious that with twelve lenses 
all these separations would give erect images. 
In addition, with twelve lenses there would be 
six separations resulting in inverting telescopes. 

The five forms of telescope each containing 
six lenses are illustrated in Figs. 14 to 18 and 
the number of inversions is different in every 
case, the number for each separation being 
given in brackets in the above table. Other 
things being equal, the form in which / is large 
in comparison with t is the most desirable, 
since this implies lenses with slight curvatures. 




Fm. 16. 



Fig. 18. 


Three telescopes of two lenses each will evi- 
dently combine to form an inverting six-lens 
telescope. In addition there are two new 
forms, both inverting, which cannot be divided 
into separate telescopes. Thus, with six 
lenses each of focal length / the separations t 
may have the values given in the following 
table : 

Tablb I 


Inverting Telescopes. 

Erecting Telescopes. 

<-(2- V3)/ (I) 

«=.2/ (3) 

<-(2+V3)/ (6) 

«=/ (2) 

>5-3/ (4) 


But it is by no means the case that other 
things are equal, for the systems differ from 
one another in the extent of the field of view, 
in the brightness of the image at the centre 
of the field, and in the way in which the bright- 
ness varies from point to point of the field. 
The system with one inversion, illustrated in 
Fig. 14, is the most desirable as regards the 
curvatures of the lenses, but since the virtual 
eye position is the farthest of the series from the 
leading end of the tube, this form is the least 
satisfactory for the extent of the field of view. 
The systems with three and five inversions, illus- 
trated in Figs. 16 and 18 respectively, are those 
with the largest fields of view, the two being 
on an eq^uality. Not far behind them is the 
system with four inversions shown in Fig. 17, 
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(iii.) Illumination , — ^In order to consider 
the illumination, at the centre of the field of 
view, the extreme rays of an incident beam 
parallel to the axis are represented in the 
diagrams by thicker lines than those used to 
indicate the extent of the field of view. The 
systems with one, two, and three inversions 
are on an equality, and transmit to the rear 
of the tube beams of light which on entrance 
and exit completely fill its diameter. When 
the number of inversions is increased to four, 
and still more when there are five, the width 
of the useful axial incident beam is much 
reduced, and the last two forms are not nearly 


transmitted at the extreme angle is now less 
than before. Again, in Fig. 20 a system 
similar to that shown in Fig. 17, but with 
rather longer focal lengths for the lenses, has 
been displaced towards the eye through a 
distance equal to half the focal length of each 
lens. The field of view is now increased to 
an equality with those of the systems with 
three and five inversions, but, as in these other 
oases, the illumination at the edge of the 
increased field falls to zero. It is clear that 
a much more detailed analysis is necessary 
to determine exactly where the balance of 
advantage falls. 



0 
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as satisfactory as those which precede them for 
central illumination. It would thus appear 
that the greatest advantages rest with the form 
shown in Fig. 16, but when the illumination 
in the outer parts of the field of view is 
considered, it is seen that this form has dis- 
tinctly undesirable features. The forms with 
four and five inversions alone show no decided 
change in illumination, as the origin of the beam 
of incident rays departs from the axis of the 
tube, but beyond certain angles the brightness 


§ (4) ThBORBTIOAL CONSrOHBATION. — The 
diagrams just considered show that the field 
of view is enlarged by causing any ray of light, 
instead of travelling straight along the tube, 
to be deviated by a series of lenses from side 
to side. The number of lenses to an oscillation 
is arbitrary, and when the number of lenses 
to an oscillation is large, as in Fig. 14, the ray 
path resembles a sine curve. If there are n 
lenses to the telescope, each of power k, the 
separation of successive lenses being /, the 



of the imago is diminished through light 
striking the interior of the tube as in the other 
forms. At the extreme angular field the in- 
tensity of the light falls to zero with the forms 
of Figs. 14, 16, and 18, but is finite with the 
remaining forms. 

Figs. 14 to 18 are special cases of their 
kinds, as the extreme rays which determine 
the fields of view have been assumed to follow 
paths similar to those of rays which limit the 
axial beam of parallel rays. Other results 
as regards the field of view or the variation in 
illumination are obtained by assuming that 
the entire system of lenses is displaced along 
the tube, the eye remaining at the end of the 
tube. It will suffice to consider two other 
oases, in which the lenses of the two erecting 
telescopes are displaced towards the eye. 
Fig. 19 represents the same system as Fig. 16, 
but all the lenses have been moved towards 
the eye through a distance equal to half their 
focal length. The field of view is evidently 
the same as before, but the amount of light 


power of the complete system /ci,^ is derived 
from 

= ■+ + ... 

“ 4-^j)aC8 . . . 

— +• fj -1- . . . 

— , . . 

KxtlK^UK^•\^ . . ., 

as is well known. On putting all the /c’s and 
f s equal to one another, the coefficients depend 
on the numerical value of the sums of continued 
products obtained by dividing at r - 1 points 
a line whose length varies from r to w into 
r parts each of a length represented by an 
integer. The result is 

^ (?H-2) (n + l )ra(w- l)(w-2 )^^.^. 


+ (-!)', 


(ro + r)l 


(»-r-l)!(2r + l)l 
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so that the system is telescopic if /ci is made 
equal to one of the roots of the equation 


2r(-ir 




-y-l)!(2r + l) 




and, like the ray path, this equation, if written 
in the form 


I - 3*) . , . (n ^ - 

^ (2r + l)! 


= 0 , 


is distinctly reminiscent of circular functions. 
This suggests that the circular functions will 
occur prominently in the theory of systems of 
lenses suitable for the transmission of light 
down a tube of constant diameter, and it is 
readily seen that if the four Gaussian constants 
are suitable circular functions the system may 
have such properties as those found in the 
systems already illustrated. If these constants 
are denoted for brevity by A, B, 0, D, where 


A ® ” 


9/ci ’ 



dKidKn 


the relation BC-AD=1 suggests cosine ex- 
pressions for B and C and sine expressions for 
A and D. Moreover, the essential equations 
for the combination of two systems are 

Ai,a = AiBji 4- AjCj 

Bi ,2 ~ + AaBj QV 

a,a=A,Da + CxO. p 
1^1,2 “ BiDj 4* CjDj 

where the quantities are reckoned for a common 
terminal point to the two systems. For the 
distances x, x' from the selected terminal 
points of a pair of conjugate points satisfy 
the relation 

Axx' + ’Bx' - Ca;-D=0, 

where x and x' are positive when measured 
from the terminal points in the direction in 
which light travels through the system. 
Thus, in this case, if x and x' refer to a first 
system which is to be combined with a second 
system for which the distances are repre- 
sented by £1?' and x'^, the two values obtained 
for x' must be identical, so that 

Cia;4-Di _ BjStf -D 2 
AiX 4- Bi ~ A^x^ - C* * 
or 

( AiBi 4- AaOa)a;ir^ 4- (BiBa 4- A2l)i)£c^ 

- ( A,D, 4- C,C,)x - (B^D* 4- CaD,) =0, 
and this must be equivalent to 

Ai,iXX'' 4 - Bi,a£C^ - Ci,a£C - Di,a = 0 . 

Also 

(BaBa+AaBaXAxDa + CA) 

-(AaBa4-A,Ca)(BiDa4-CaD,) 

= (BxCx-AA)(BaCa-AaBa) 

~1 =BijaCi,2 — AijaBi,a> 


so that 

AiBa 4- AaCi = i: Ai,2» 

BiBa 4- AaDi = + Bi,a, 

AiBa CiCa = i Gi^a, 

BiDa + CaDi = + Bi,a» 

and by considering a special case, such as a 
thin lens in which B2 = Ci=l, At,9=Ax4-A2, 
or a lens in which Aj is gradually increased 
from zero so that A^^j has the same sign as 
Ai, it is seen that the upper sign must be 
adopted. If now I denotes a length it may be 
supposed that Ai, Bj, 0i are defined by the 
angles aj, ]8i, 7„ where 

A B n _ cos(a i--7i) ^ 2 ) 

and it then follows from tho identity 
BC-AD=1 that 


I)x=- 


P DJLXl \ 


§ */ 


COS j9i COS 7i 


\za) 

If now two systems with the same I are 
combined the addition equations give 

^ _sin(ax4-aa) 

Ax, a ^ 

sin tti sin aa, . ^ . j. \ 

4- =(tan /3a 4- tan 71), 


Bm 


cos (ai4-cta-“i9i) 
cos jSx 

COB (ax -jQx) sintta 

cos /9i 


(tan /3a 4- tan 7i), 


0 _ COS (ax 4 - eta -72) 
cos 7a 

sin ax cos (a, -7a) y. « .x \ 
^ ;!^^*-^‘X tan/3.4-tan7x), 

Dj = - ^Bi^^(°'i + aa-^i-72) 
cos j 8 i cos 7 a 

^Zjo_8(a, -ftXcosa. -y.)(t^n/3. + taa7.). 

008 jSi COS 7a ' 


and the combined system has expressions for 
the Gaussian constants of the same form as the 
components if 

tan j8a4-tan 7x=0, 
that is, if /3a + 7i=0. 

The a of the compound system is then the sum 
of the a’s of its components, while its /3 and 7 
are respectively /3i and 79, that is, the external 
angles associated with its components. More- 
over, if a single lens is considered referred to 
its unit points as terminal points, A is arbitrary, 
B and C are both unity, and, if the lens is 
thin, I) is zero. Since a cannot be zero without 
making A zero, it follows that for such a lens 


a-^=p, a-7 = 7, 
^=7=Ja. 


or 



PERISCOPES 


367 


The preceding equation for Aj,a may he in- 
terpreted in terms of each component lens 
referred to its own principal points ; if i is 
the separation of the internal principal points 
of the two components this gives 

sin (ai + aa) sin at sin ^ sin ax sin as 

— i — =-— r* 


or t = Z(tan Jai + tan Jaa). 

It follows that in a system of n lenses in which 
the power of the rth lens is 


sin ttf 


. (3) 


and the separation between the rth and (r + l)th 
lenses is 

tr = Z(tan Jttr + tan Jar+i), . . (4) 


the four Gaussian constants referred to the 
external principal points of the extreme 
components are given by 


where 



^_ oos (a-jai) 
cos iai 

^_ CQS (g- jon) 

cos Jttn 

cos iai cos ion ‘ 


a = ai + ai-l- . . . +att. 


( 6 ) 


If a is a multiple of ir the system is evidently 
a telescope of unit power, inverting if the 
multiple is odd, erecting if it is even. 

§ (6) Gbombtrioal Theory. — Equations 
(3) and (4) show that the properties of the 
special kind of system which has been considered 
have a parallel in polygons described about a 
circle. If radii are drawn {Fig^ 21) making 



with one another successive angles ai, a,, a, . . 
the sides of the polygon which touch the circle 
where these radii meet the circumference will 
represent the lengths of the sections into which 
the lenses divide the periscope if the radius 


of the circle is 1. The focal lengths of the 
lenses are represented by the sides of a rhombus 
having two sides along successive sides of the 
polygon and the centre of the circle as the 
opposite vertex. By constructing polygons 
in this way the properties of any system are 
investigated more simply than by drawing 
detailed diagrams such as Figs, 14 to 20. 

It is convenient to extend this construction 
and replace the polygon by a right prism of 
uniform height. The justification for the use 
to be made of this extension follows from the 
best known properties of simple lenses. Re- 
ferring to Fig. 22, let 0 be a point equidistant 



from two planes which intersect in the straight 
line PP'. Suppose that A is the foot of the 
perpendicular to PP' from 0, and that FA, 
AF' lie each in one of the two planes, OFAF' 
being a rhombus in the plane normal to PP'. 
If the two planes FPP', FTP' are regarded as 
axial sections of the object space and image 
space for a thin lens with F, F' as its principal 
foci and PP' for its ooinoident unit planes, 
any object point is connected to itfe image 
point by a straight line which passes through 
0. The angle which the planes make with one 
another is immaterial, and if the image plane 
is rotated about PP' the locus of 0 is a circle 
desorihed about F as centre. Similarly, if the 
image plane is fixed and the object plane is 
revolved about PP', 0 will move along a 
circular path with its centre at F'. If a second 
lens is introduced which meets the' first image 
plane in QQ', the effect of the second refraction 
may be determined through the intermediary 
of the first image plane by projecting through 
a suitable point O' on to a third plane which 
contains the straight line QQ'. If the second 
plane is kept fixed and the first and third are 
rotated, 0 and 0' describe coplanar circles 
when the two lenses have a common axis, and 
under suitable conditions these circles inter- 
sect, and projection from this common centre 
gives all the correspondences that exist. In 
the cases considered here these conditions are 
satisfied, and also further projection from the 
same centre is possible, and the effect of 
many successive refractions may thus be 
exhibited in this particularly simple way. 
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The height of the prism corresponds to the 
diameter of the tube, that is, to the diameter of 
the lenses, so that the paths of rays may be 
depicted on the surface of the prism. It is 
at once evident that, since projection through 
the centre gives all correspondences after any 
number of refractions, the complete path of 
any ray through the entire system is deter- 
mined by the intersection of a plane through 
the centre of the circle with the prism surface. 
If a plane rotates about an axis through the 
centre parallel to the direction of the object 
sjmce axis, the width of the beam which can 
be transmitted is determined by the inter- 


section of the plane with the points on the 
prism surface at the greatest distance from 
the axis. Rotation of a plane about another 
axis determines the field of view, the axis of 
rotation in this case passing through the point 
where it is proposed that the eye shall be placed. 
Since the instrument is assumed to be a 
telescope this point must be on a side of the 
prism parallel to that on which the incident 
light is represented, and the angular field will 
depend upon the angle between the lines in 
which the plane through the centre and the 
eye point meets the plane for incident rays in 
its extreme positions ; these positions are, 
of course, determined by the requirement that 
the plane must everywhere meet the prism 
surfaces within the limits set by the prism 
height. It is evident that in practice the axis 
for the aperture and that for the field of view 
will be approximately perpendicular. Fig, 23 
shows in perspective the prismatic diagram 
with the extreme planes corresponding to 
Fig, 11. In this simple case the diagram 
shows at once that the separation of the lenses 
must be twice the focal length, that the axes 
for aperture and field of view are preferably 
at right angles, and that the front section of 
the tube may bo equal to that of the middle 
section and twice as great as the third section. 

In the diagrams corresponding to other 
simple cases the essential relations between 
goomctrical magnitudes may be derived at 


once from the properties of the polygon or 
prism. For example, when the soc^tions are 
the sides of a regular hexagon th<^ focal length 
of each Ions is equal to the distance se])arating 
successive lenses, and when the polygon is an 
equilateral triangle each soi)arati<)n becomes 
equal to three times the focal length. It is, 
of course, unnecessary to assume that all the 
sections or the focal lengths of all the louses 
are equal. The geometry of the polygon 
shows by itself what relations mtist subsist 
between the focal lengths and the separations 
for a system which is toloscopio of power ± 1 
to be secured. In any particular c^ase, when 
a position for the oyo has 
been soloctod, the extent to 
which the tube may project 
beyond the first lens with- 
out reducing the extent of 
the field is clctt^rminod by 
producing the side of the 
polygon which corresponds 
to the object space until a 
point is reached as far from 
the field axis os any other 
point on the fundamental 
polygon. The variation in 
brightness as the field is 
changed is determined most 
readily by considering a 
movement of the ©yo point 
parallel to the axis of the prism, so that 
the field axis is inclined to a principal section, 
and finding the extent of the field for the 
displaced eye position. Considered in this 
way it is at once obvious that the greatest 
extent of field is visible only when the eye is 
on the axis of the tube. 

Figs, 24 to 30 show the polygonal diagrams 
corresponding to the six-lens systems of Figa, 


E 
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14 to 20. To render the exact character of 
the system more evident from the diagrams 
a small separation has been introduced be- 
tween the faces, when these should strictly 



Aperture Axis and Planes 



Fig. 28. 
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be represented by coincident lines. In all 
oases but Figs. 25 and 27, corresponding to 
systems 16 and 17, the axes for aperture and 
field of view are perpendicular to one another. 





§ (0) Tubes oe Various Diameters. — ^T ho ’ 
preceding theories are ohiofiy of value in con- 
sidering the best arrangement of lenses when 
it is desired to compare alternative systems 
in a tube of given diameter. The actual 
diameter of the tube is of great importance 
apart from the ratio of the diameter to the 
length, since in actual observation the pupil 
of the eye should bo a])i)roxiinatoly filled with 
light, and thus the ratio of the pupil diameter 
tt) that of the tube enters into the j)roblom. 

The periscope that has been considered may 
be compared with a geometrically similar 
instrument in which the diameter of the tube 
is equal to the diameter of the eye pupil. 
Both have the same field of view, since this 
depends on the ratio the transverse dimensions 
bear to the longitudinal measurements. On 
the other hand, the i)eriscoi)e with the larger 
diameter transmits much more light from any 
given object ]>oint, the ratio depending on 
the areas of the cross sections of the tubes. 
Some of this will enable the larger tube to 
l)rosont to an eye on its axis a large field of 
sensibly uniform illumination, while in the 


smaller instrument the intensity will fall off 
directly the object point departs from the 
axis. Much useless light will, however, be 
transmitted in addition in the larger telescope, 
and the instrument can be readily modified in 
a way which enables this unwanted light to be 
exchanged for an increased field of view, or 
alternatively for a system containing a smaller 
number of lenses for a given length of tube. 
Thus, large diameters are of great assistance 
in yielding simple solutions of the optical 
problems involved in periscope design. On 
the other hand, in nearly all military periscopes 
groat importance has been attached to a small 
head which renders the porisoope inconspicu- 
ous. In submarine periscopes those two 
conflicting requirements are to some extent 
reconciled by the combination of a short 
narrow head with a long main tube of large 
diameter. It thus becomes of interest to 
inquire how the dimensions of the system 
vary when a change is made in the aperture 
which the lenses may have. As a result of the 
change of aperture the complete instrument 
when telescopic need not be of unit magnifying 
power, so that the expressions for B and 0 
must bo generalised by the introduction of a 
further arbitrary quantity. Bearing in mind 
that the identity 

BO-AD=l 

has to be satisfied, it is natural to consider 
systems in which the four Gaussian constants 
take the form 


. sin a 

* cos itti 

f (^) 

p COH lam 

J) _ _ ^ sin (a - ia, “ iam) 

' " cos JaiOOHjarn 

so that when the system is telosoopio the 
magnifying power is p. Lot those be the 
constants of a first system to which a second 
is to be added with values V and p' in the places 
of I and p. The second system referred to the 
terminal point corresponding to the last lens 
of the first system will then have constants 

. sin a' 

A.= 

■n _p'oos (a' + law) 

J3* s ■ ^ n ■ ■ - I 

oos Jaw 

• p' cos Jan ^ 

^ sin (a^ ■+■ Jctn» “ ir^n) 

“ OOSjawOOSjttn * 
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»ad by equations (1) the Gaussian constants 
of the combination of the two systems are 
given by 

^ _sin(a + a') 

j- » 


■n _Pcos( a + a^-^ai) 
"" cos Ja, ’ 

fi _ OQs(a + a^-ian) 

~ P cos ian 


oosjtticosjan 
subject to the relations 

lL=pl'=^,\ 

v=pp'=b 


(7) 


the latter of which might have been written 
down at once as obvious from the meaning of 
magnifying power. Consider now a system 
of lenses placed in a tube, of which the first 
portion is of uniform diameter d, a second 
portion in which the diameter increases from 
d to Jed, and the third portion of uniform 
diameter kd. Let the systems which occupy 
these sections be identified by the numbers 
1, 2, 3 respectively. Since the Vs are pro- 
portional to the sizes of the images that the 
system forms of any given external objects, 
and these for the same angular field must 
vary as the diameter of the tube, the values 
which should be inserted ia (7) are 


— AZi, . . . (8) 

in addition to the conditions that the systems 
in the outer sections are of the type used in a 
tube of uniform diameter, that is, 


5Ji=i3s = L ... (9) 

Considering now the combination of systems 
1 and 2, equations (7) give as a consequence of 
(8) and (9) 

lt = hlx^ p*=pi,9=^. . . (10) 

If the second portion is telescopic this merely 
amounts to the statement that the magnifying 
power of this telescope is 1/^. Applying (7) 
now to the complete instrument, which is 
divided into two parts (1, 2) and 3, the first 
equation gives 

or by (8) and (10) 

h=kHx. . . . (11) 

This result is of the greatest importance, 
since it shows that if the diameter is increased 
Jc times, and consequently the focal length of 
the system enlarged in the same ratio, the focal 


lengths of the individual lenses in the enlarged 
portions and their separations will be increased 
k^ times. Thus, if the diameter of tho tube 
is halved the lenses must bo packed four times 
as closely, and since this means both a greater 
amount of scattered light and increased 
astigmatism or curvature and a more dispersed 
secondary spectrum, the curtailment of tho 
length of the narrow portion of the periscope 
tube to the minimum possible value is evidently 
of great importance. Fig. 31 illustrates tho 
modification, as the diameter changes, in a 
system of the type shown in Fig. 16, 

In actual periscopes the system which 
occupies the section whore the enlargement in 
the diameter occurs is not usually a telescope, 
but this is not vital to the argument that has 
been employed, for portions of tho systems 
which precede or follow may bo arbitrarily 
regarded as parts of the intermediate system. 
It is, however, always possible to regard this 
section as a Galilean telescope, though, in fact, 
no negative lens is employed. The negative 
lens in this case is supposed to be combined 
with a lens of the system in the narrower 
portion of the tube, the two together being 
either equivalent to a positive lens or preferably 
to a single lens of zero power, so that no lens 
is required In like manner the positive lens 
may be combined with a lens of tho other 
system to produce a more powerful lens, but 
this course offers no special advantages. The 
powers and separations of the lenses on 
changing the diameter of the tube then are 
represented by the expressions given in 
Table II., where lens w - 1 is the last of the 


Tablb IX 


Powers. 

Separations. 

sin 

1 ■ 

sin am-i 

sin am 
kl 

sin am^■l 

l(tan Jam-* + tan Jan»_i) 

\ Bin am J 

Binam 

hH 


sin ciwjH-a 

X:*Z(tan ^am+i +tan Ja,n+a) 

JeH 



smaller diameter and lens m tho first of tho 
larger diameter. The four Gaussian constants 
when lenses m-1, m, w+1 have just boon 
included are given in Table III. : 
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Table III 


n. 

A.,n. 

B.,n. 

c;,«. 


1 



cos 


1 

cos lai 

oos Ja«_i 

cos itti cos 

m 

flin ai,„i 

cos ^tti) 


_ Z {A; oos 1 - ) - cos ( ai,^ - )} 

kl 

Aoos .JOi 

8ina,tt 

cos^tti sin am. 

7/1 H- 1 

sill 


^cos(ai,OT+i- 

Jd sin(ai,„»+i - - \am+x) 

kl 

A; cos lai 

cos 

cos itti cos ^am+i 


All these values take the regular form when 
^=1. 

If more alterations than one have taken 
place, or if a previous portion of the system 
does not belong entirely to a regular system, 
so that is not unity before the diameter 
of the tube changes, it is only necessary to 
introduce the factors for all preceding changes 


by considering three circular apertures in the 
object space, one limiting the field which is to 
be visible, another the aperture of the objective 
situated at the instrument (the diameter being 
usually the diameter req[uired for the emergent 
pencil multiplied by the magnifying power), 
and the last an aperture, usually situated 
between the other two, which cuts down the 



E’lo. 81 . 


into the expressions for the Gaussian constants 
and for the powers and separations of the 
lenses as they have been shown to occur in the 
present example. 

§ (7) The Liout Pupils. — It might appear 
that a knowledge of the details of the leading 
lens system would bo necessary to enable the 
pn>portioH suitable for later lenses to be deter- 
mined, and hence necessary also in deciding 
what Hold of view (Jaii bo included in a system 
of louses to bo inserted in a given tube when the 
number of lenses is tixod. This, however, is 
not the case, and a general view of what is 
physically attainable with an assigned number 
of lenses under those conditions may be gained 
with(^ut paying any regard to the Ions system 
by which the result is to bo achieved. To 
make this clear it is desirable to aT)proach 
the problem from a different point of view 
from that hitherto adopted. Eor this purpose 
it is cf)nveni(mt to regard the problem os it 
will appear to a designor who is asked, without 
previous exi)erience of periH(5opo design, to 
devise a system to gf) into a given body and 
transmit light over a ciortain field of view, the 
magnifying power and the size of the central 
om(irgent jioncil Ixnng assigned, while the 
illumination should be as uniform as possible, 
and in any case the marginal illumination 
must not bo loss than a known fraction of that 
at the centre. 

Those conditions are most simply represented 


areas of marginal pencils without affecting 
those at the centre of the field. Alternatively 
corresponding conditions may be given for the 
image space. The three apertures determine 
a region of space containing all the useful light 
rays, and the instrument should have its 
optical elements of such sizes and in such 
positions that no ray which does not cross the 
boundary of this space is obstructed in its 
passage from the object through the instru- 
ment to the observer’s eye. It is assumed 
that the apertures are circles lying in planes 
normal to the axis of symmetry of the instru- 
ment, and that their magnitudes and positions 
are known for either the object space or the 
imago space. In the illustrations to be given 
it will bo assumed that the various lenses 
between the objective and the eye lens may 
bo permitted to have an aperture not exceeding 
a common value d. The modification neces- 
sary when the maximum aperture varies 
from lens to lens will be obvious. 

Suppose, then, that the boundary to the 
channel containing the rays to be transmitted 
by the instrument is defined by means of three 
circular apertures which are met by a plane 
through the axis in P, P'; R, R'; S, S' 
(Vig. 32). The section of the boundary by 
this plane is Ihe convex hexagon RSP'R'S'P, 
the sides SP' and 8'P passing through infinity. 
The image of this hexagon formed by any 
part of the optical system of the instrument 
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will likewise be a convex hexagon, and this 
image will determine the channel for the 
refracted rays. After every refraction there 
is necessarily some 
part of the bound- 
ary which extends 
to infinity, and this 
may correspond to 
any assigned normal 
section of the 
original channel. 
Only that part of the boundary which lies 
between successive lenses is of interest from the 
present point of view. These various segments 
pieced together and regarded as a whole con- 
stitute repeated outlines of the whole hexagon, 
which always presents its convex side to the 
axis, but the outline has an additional angle 
wherever a lens is encountered. At such 
places one section ends and another begins, 
and the angle at their jxmction is opposite in 
sign to the angles of the hexagon if the lens 
is positive. Lenses are introduced wherever 
necessary to bend back the boundary of the 
channel from encroaching over the prescribed 
bounds. 

Fig. 33 illustrates the effects that may be 
produced by successive refractions, the cross 



R — £ 
□ 

n 





1 

3 

^ R 


c 

’ rrr a R' S' i 

> R 


Fio. 33. 


lines representing lenses. The various points 
of the original hexagon are identified by the 
same letter's in their refracted images. The 
only limit to the amount of the initial hexagon 
that may be imaged between successive lenses 
arises from the fact that a pair of opposite 
sides of the hexagon always extend to infinity, 
and it is not possible in consequence to image 
on© half of the outline on one side of the 
boundary within a single cell of the body. 

The separation between the lenses Umiting 
a given cell is readily found. Suppose that 
the lenses meet the boundary in planes 
corresponding to AA' and BB' of Fig. 32, If 
each of the transverse lines AA' and BB' has 
its image of diameter d, the transverse magnifi- 
cations are d/AA' and d/BB'. By a well- 
known elementary theorem the longitudinal 
magnification will be the product 


A A' and BB'. The total length between the 
extreme lenses after any number of refractions 
is found by adding together the lengths corre- 
sponding to the successive intervals. The 
law already derived from different considera- 
tions, that this length will be proportional to 
the square of the diameter of the tube and to 
the number of lenses, and inversely propor- 
tional to the diameters of the field of view 
and of the external aperture of the system, at 
once follows. 

§ (8) Standard Cases, (i) Oeneral Spacing. 
— ^Particular cases which require special 
attention occur when the lenses occupy posi- 
tions corresponding to the limiting apertures 
PP', RR', SS'. If a lens is placed at every 
aperture image the greatest length is attained 
when the hexagon is developed into a straight 
line, so that the rays occupy the whole avail- 
able space within the body of the instrument. 
The length reached is given by the sum 




sp pr rs 

SS'.PT'^PT.R'R^R'R . S'S 


1 -I . I (121 

^S'S . PP'^PP'. RR'^ * ‘ 

where it is assumed that SS' corresponds tf^ 
the position of the first lens. All the terms 
in this sum necessarily have the same sign, 
as changes of sign take place simultaneously 
in the numerator and the denominator. 
Several alternative arrangements suggest 
themselves. Suppose, for instance, that a 
lens is placed at the image of every alternate 
aperture only. The length is then 




{ss'! 


rp 


R'R^R'RTpF 


^PP'.SS'^ 


. ( 13 ) 


the terms having exactly the same values aS 
before but differing in order. If in those oases 
the total number of lenses is a multiple of 
three the lengths of the two instruments will 
be exactly equal. 

As another example, suppose there were no 
field lenses, so that no lens is placed at any 
image of the aperture PP'. The sum is now 

lSS'.R'R"^R'R. SS^ 

S'S. • • •}’ 


d ^ 

and the separation of the lenses wiU thus be 

d^.ah 
AA' . BB" 

where a and b are the axial points of the planes 


every term being equal to one of the terms in 
(12). The other apertures may be treated in 
the same way, and it is evident that the first 
and second methods of construction will not 
give either the longest or the most compact 
instruments if the values of the individual 
terms differ. The estimation of the relative 
values of the terms is thus interesting, and this 
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can be done by a very simple construction. 
Fjet pS and P 5 meet RR' in t and u respectively 
(Fig, 34). 



The relative values are in the ratios of the 
products 

, RR' : pr . SS' : rs . PP', 

that is, of the triangles 

pHa : pSr ; rVa, 

which are equal to the triangles 
pKa : pta : pua, 

which are in the ratio of their heights 
Rr : tr : ur. 

The length (12) may therefore bo written as 
d* . pa /, tr , ur ^ ^ ^ tr 

+£+...}. m 

PP' and SS' may be taken 
to represent the actual object 
and the ontranco pupil, so 
that the factor outside the 
bracket will bo known. The 
greatest attainable length of 
any cell not bounded at an 
imago of the ai)orturo which 
cuts down the marginal light 
has then a dolinite value. 

The next term gives the 
Icmgth of a coll bounded by 
an itnago of the field and of 
the intermediate stoi). As pa 
may b(^ always considered 
largo in comparison with ra, 
the utmost that can bo done is to make 
this coll eipial in length to the previous one, 
by making th(^ diamotor of the intermediate 
stop image of tlu^ same size as the ontranco 
pupil. This involves an immediate fall in 
the light intensity as soon as the object 
departs frotn the axis. The length of the 
tliird cell, which is bounded by images of 
the inh^rrnediate stop and of the ontranco 
pupil, depends upon the relative illumina- 
tion at the edge and at the centre of the 
held of view. If the width of the marginal 
beam in the axial i)lane of symmet^ is 
half that of the central beam, PRi^ wiU bo 


a straight line and the lengths of the first 
and third cells will be equal. If the edge 
illumination is increased, the length of this 
cell is diminished, and if the illuminatiou 
falls, the length may be increased. When 
the width of the marginal beam is greater than 
half the central width, it will evidently be 
possible to attain a greater length per lens 
when lenses at images of RR' and SS' do not 
immediately succeed one another. 

(ii.) Uniform Spacing , — The ease when all 
three cells are of equal length is a convenient 
one to take as a standard of reference, and 
systems of this type possess great flexibility. 
It is always possible to attain a given stand- 
ard extent of field with a standard aperture 
and the distribution of illumination charac- 
teristic of the type with any given number 
of cells. The length per cell thus gives 
complete information about such systems. 
This may be illustrated by the following 
examples. The cells begin with the first 
objective, indicated by S, and end with 
the formation of a real upright image of 
the object, denoted by P. If the system 
ended with P' the final image would he 
inverted. 


In general with 2n inversions and p cells the 
number of solutions is 



(On - p - 2) ! (2p + 2 - 6nJ l’ 

whore p may have any value from 3n-l to 
6n-2. 

It does not follow that because several 
solutions enable the same length of body to 
bo obtained with the same number of lenses 
that those are all equally desirable. Other 
things being equally satisfactory, the solution 
preferred will bo that which involves the use 
of the least powerful lenses. It should be 
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ITo.ofOGlls. 

Lens Positions. 

Remarks. 

2 

S, R', P 

Not divisible into separate tele- 

3 

S, P', S', P 

scopes. 

Not divisible into separate tele- 

3 

S, P', R', P 

soopos. 

Not divisible into separate tele- 

3 

S, R', S', P 

soopos. 

No field Ions. 

4 

S, 1>', R', S', P 


5 

S, R', P, S, R', P 

Not divisible into separate tele- 

6 

15 solutions 

scopes. 

A lens ooinoidcs with at least 

7 

35 solutions 

one image of each stop. 

At least two lenses coincide with 



images of each stop. 
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immediately evident that the omission, to 
place a lens where an image of a certain aper- 
ture is formed will involve increases in the 
powers of the lenses at the two neighbouring 
images, since the deviations at the margins 
of these lenses must be greater. The failure, 
therefore, to fill completely the space available 
for the rays will be associated with increased 
lens powers, and consequently with greater 
trouble due to secondary colour effects and 
increased curvature of field. To detennine 
how serious these defects are likely to be, the 
powers of the lenses are required. There is no 
need to consider the refracted light to determine 
these powers, but attention may be directed 
as before to the object space hexagon. If, for 
example, successive lenses are to be located 
at images of PP', RR', SS', the lens at the 
image of RR' is required to deviate the image 
of RS into alignment with the preceding 
image of PR, Now the angular magnification 
at any plane is inversely proportional to the 
linear magnification, and the angular deviation 
is equal to the product of the lens power and 
the distance from the axis at which refraction 
takes place. It at once follows that the power 
of. the lens required is times the 

power of the lens which would produce the 
corresponding effect in the object space 
boundary. This is in reality the same result 
that has already been reached regarding the 
length of the instrument, since the focal 
lengths of the lenses evidently bear a fixed 
relation to the lengths of the cells, but it 
serves to show how great is the advantage 
from every point of view in making the 
diameter of the body as great as possible. 
Various expressions are easily found for the 
power of the lens necessary at RR^ Let this 
be denoted by fc(cZ/RR')®, so that k is the power 
of the lens required in the instrument. The 
deviation at R is then i(Kd®/RR'), and the 
area of the triangle PRS by various expres- 
sions leads to the equations, when inclinations 
to the axis are assumed to be small, 

.rs=2pR.p8 , . (16) 

=PP' . +RR' . + SS' . pr, . (17) 

where p is the point of intersection of Rr and 
PS. Equation (17) itself shows the result 
reached above in a different way that /cd® is 
unaltered by refraction. For it may be re- 
written in the form 


RR^ and SS' when no images are without 
lenses are evidently 


_ gg/ RR^ . gp + SS^ + PT . rs 
rs,$p 


_p/p SS'' . pr + PT . ra + R^R . sp k 
sp ,pr 

^*^prs“^*Vr's" 


(18) 


— H- RR^ . sp + SS" . pv^ 


pr .ra 


where all the factors are considered with due 
regard to sign. In each numerator two terms 
have one sign and the third the opposite sign, 
in each case giving rise to a positive /c. In 
the standard case the terms are all equal, and 
the focal length of each lens is equal to the 
length of a cell. This is readily seen geo- 
metrically by considering the intercepts on the 
third aperture by the line forming the boundary 
between the other two. 

The cases in which an image of *an aperture 
is without a lens may be treated by analogy 
with (18), 


^*^RSR' 





_2RR'.SS' 


ra 


= <^*'fS'P9 = ^*^PSP' 




_2PP'.SS' 


= d»/:p/g^p 

pa 

^“^PRP' 





__^F.RR' 


pr 


showing that in the standard case the omission 
of a lens requires the power of each neighbour- 
ing lens to be doubled. Again, if a lens is 
omitted on each side of a given lens expressions 
are obtained corresponding to (18), but with 
every term of the same sign, so that in the 
standard case the power of the lens is three 
times its previous value. The expressions are 


” ra.ap 


rs , , pr 

^ RR' . SS' ^ SS' . PP' PP' . RR' 
pr ra 

PP'TRR' ' RR', SS' 

and each term on the right is invariant on 
refraction. The expressions of this type for 
the powers of the lenses at images of PP', 


_ pp, R'B • P3 + PP^ . sr + SS' . rp 
sp.pr 


h (20) 


_^/^ SS'.rjo-HR'R.p^H-PP'.a r 


pr.TS 
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By considering the various oases that may 
arise it is seen that the effect of omitting to 
place a lens at an aperture image is to con- 
tribute for this vacant aperture twice the 
normal contribution to the sum of the powers 
of the lenses, assuming that the standard case 
is under consideration. If account is taken 
of a final field lens but not of an eye lens, with 
2a inversions and p cells the sum of the 
powers will be proportional to 12 a -p- 3. 
In this respect all arrangements which involve 
the same number of lenses and the same 
number of inversions are on an equality in 
the standard case. 

In the general case the increase in power 
associated with the omission of a lens at an 
image of P is 

d*.;pr. rs .sp > v ) 

the term in the bracket being that in the 
numerator of the fraction in the second of 
equations ( 1 8). The corresponding expressions 
for other ctisos are easily written down. The 
sum of the additions incurred by each separate 
omission gives the total addition to be made 
to the sum of the powers. 

A convenient expression for the increment 
in power in terms of the lengths of the cells is 


U ^ * 


. ( 22 ) 


where k is the power of the Ions which it is 
proposed bo omit, Zj and are the lengths of 
the colls on either side, and Z3 is the length 
of the combine<l coll when the omission is 
made. The three lengths 1^ are those 

considorod earlier in this discussion when 
the longtli attainable by a periscope was 
investigat(^d. 

It is evident that when weight is attached 
both to the attainment of gre^at length and to 
a minimum value of the power sum, the most 
favourable type of construction is that which 
has been gem^rally adopted for submarine 
periscopes, with a lens at every image of the 
three apertun^s. 

(iii,) Advanlaife. of Non-uniform. Spacing , — 
In investigating the attainment of groat 
length attention was directed to each cell as a 
separate (foment. It has still to be considered 
whether, when the (u)n(Utions permit of it, any 
advantage will be gained by deliberately 
introdiKJing inofiualities in the lengths of the 
three (Jells. Suppose the lengths of the cells 
exceed the mean value L by amounts Xx» X#, Xa* 
whores X^ + *1* X3 - 0. From ( 1 8) 

with symmetrioal expressions for and /cg, so 
that 


ffi + Ka + /Cj 

3L«-2(Xx«+Xa» + X,*) 

Xi“ - ■JL(Xi* + X2* + Xs®) “H XiXaXj 


3 Xi«+Xa« + X,® 

L 2L»-L(Xx“-|-X,»+X,*) 


approximately. 


showing that inequalities In length tend to 
reduce the aberrations which depend on the 
sum of the powers. In this respect the standard 
form is the least satisfactory solution of its 
class, but the advantage to be gained by uneven 
spacing is small, since it is a second order 
effect. Tor instance, if the lengths are in the 
ratios 2:3:4, the reduction in the power sum 
is slightly more than 4 per cent. 

§ (9) Separation of Image and Field 
Lenses. — It has hitherto been assumed that 
the lenses will be placed in the planes at which 
aperture images are formed. In the case of 
field lenses exact coincidence with the image 
is generally undesirable, and the effect of 
placing the lenses in other planes requires 
consideration. Obviously the sizes of the 
lenses are determined by the sections of the 
channel to which their positions correspond. 
Suppose in Fig. 32 the planes AA' and BB' are 
proposed as lens planes. The relation between 
transverse and longitudinal magnitudes is 

AA' . jjr =BP' . ar -i-RR' . pa. 


and thus if the apertures PP', RR', SS' relate 
to a standard form, 

AA' . SS' .pr—(ar.p8 . rs) j 

d* 

=03. pr. j, 

showing that a cell bounded by AA' and SS' 
will bo of standard length. Similarly 

PP'.BB'=p6.~ 
and combining the two cases, 

AA'.BB'.ps^pb.aa.j. 

Thus if V is the length of the oeU bounded by 
AA' and BB', 

Z'_a 6 .ps 

I "^pb . 03 
1-V_pa.h3 

showing that if two successive lenses are not 
in pianos corresponding to the angular points 
of the hexagon the length of the cell they bound 
is reduced. 

§ (10) Completion of the Instettment. — 
The theory developed in the foregoing sections 
suflficos to enable the special problem presented 
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by tbe submarine periscope to be solved 
without difficulty in any given case. When 
the instrument has only a single magnifying 
power the arrangement of lenses for the main 
part of the tube may first be investigated, the 
objective may be arranged to fit in with this 
system, and finally the eyepiece be added to 
secure a suitable power. The problems here 
involved do not ^ffer essentially from those 
presented by any simple telescope. 

§ (11) Bi-fooal Instrttments. — Though 
very great importance is attached in sub- 
marine periscopes to the attainment of a very 
wide field at a low power, it is also advantage- 
ous to be able at will to substitute a higher 
magnifying power with a correspondingly 
smaller field of view. In small telescopes 
(gf.u.) this is usually secured by the use of a 
variable power eyepiece, but for a submarine 
periscope this method of changing the power 
is unsatisfactory. It has to be remembered 
that the brightness of the image is a factor of 
outstanding importance whether the power is 
high or low, and therefore at the high power 
it is necessary for the pupil to be ^ed with 
light. If the diameter of the eye pupil for 
which the instrument is designed is e and the 
apparent field of view is Q, the minimum 
diameter of the beam of light which must be 
carried through the instrument is m^e and 
the minimum angular field of view to be 
carried to the eyepiece is Q/mi, where is 
the magnifymg power for the low power and 
mg for the high power. The duty to be per- 
formed by the main part of the instrument is 
thus represented approadmately by 

mi 

when a variable power eyepiece is used. On 
the other hand, when the power is changed 
by varying the objective the corresponding 
expression is eO whatever m may be. As mg 
is usually about four times it follows that 
the results attainable with a variable power 
objective are approximately four times as good 
as can be obtained from a variable power 
eyepiece. 

As with a telescope, it is essential that the 
change of power shall not necessitate any 
change in the adjustment for focussing the 
eyepiece on the image. Accordingly, when 
the power has been changed the image formed 
by the objective must remain in the same 
plane as it originally occupied ; the consequent 
portions of the system will then transmit the 
light under conditions exactly similar for both 
powers. The discussion of variable power 
eyepieces ^ shows that a continuous variation 
of power without a change of image position 
is possible if two lenses move suitably relatively 
to the rest of the system. Arrangements of 

^ See “Eyepieces.” 


this kind are considered unsuitable in sub- 
marine periscopes, for they not only involve 
a considerable enlargement of the outer tube 
for the accommodation of the necessary 
mechanism where it is particularly desired 
to reduce its diameter as much as pos- 
sible, but also the likelihood of their failure 
to act through distortion or slight damage 
to the periscope renders their introduc- 
tion distinctly undesirable in so vital an 
instrument. 

The exclusion of these systems which give 
a continuous variation of power implies that 
the objective is rapidly exchanged for another 
of different focal length, the object under 
examination being momentarily obscured 
while the change is being effected. This 
change has been secured in a variety of ways. 
In an instrument due to Messrs. Ross, separate 
fixed objectives are used for the high and the 
low powers, and one or the other is obscured 
by shutters. This arrangement involves a 
slight loss of light at the high power, since a 
reflecting prism has to be slightly out away 
to allow the low power beam to pass. A 
design by Messrs. Zeiss makes use of the fact 
that with any lens the separation of the object 
and the image is the same whether the magni- 
fication is m or I /in. Thus, if the ratio of the 
two magnifying powers is 4:1, values for 
m of 2 and J would be selected ; if the moving 
lens is of focal length / and a preliminary 
lens presents to it as an object an imago 
distant about |f, this second lens will form an 
image twice the size at a distance of approxi- 
mately 3/ {Fig. 35). If now the second lens is 
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moved a distance f / further away from the 
first lens, the resulting second image will bo 
half the size of the first or one-quarter the size 
of the original second imago, but its position 
in the instrument will bo unchanged. The 
movement of a single lens along a tube in this 
way is not open to the same objections as in 
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the more complicated movements of the vari- 
able power eyepiece type. The chief objection 
to this system is that unless the instrument 
can bo corrected for aberration when this lens 
is of symmetrical construction the lens should, 
in addition to its translation, be reversed on 
moving between its two positions. 

An entirely different system is one due to 
Sir Howard Grubb (Fig. 36). In this case two 



objectives are mounted in the same frame 
which slides in front of the entrance window, 
so that either lens may receive the light. 
One of those lenses acts as an objective alone 
for one power. Eor the other power the second 
lens occupies the position of the first, the 
frame being moved parallel to the tube axis 
through tiie distance separating the lens 
centres. It is (widontly nocossary that this 
lens shall dilTcr in power from the lirst and 
that another lens shall be iutroduiicd into the 
system, in onh^r that the ])owcr shall bo dif- 
ferent and i/he images in the same position. 
In the arrangement used this HU])pl(*montary 
lens moves aliout a hinge near one side of the 
tube, and lies (iloso to tlio tube when the single 
objective is listed, but turns through a nght 
angle into the optical systom when the second 
power is employed. By a simiilo hut ingenious 
moohanism a single movement efTocts both 
changes. If is the separation of the lenses 
when the double objective is used, and is 
the distance from the second of those lenses to 
the imago, so that <, -i- is with suniciont 
approximation the distance from the single 
objective to the imago plane, the powers of the 
lonsoH must be for the single objeetivo 

1 


and for the double objective 

_ m w~l 
^ ^ 1+^2 


m- 1 

m 



giving a power for the combination of 


m 


A particularly attractive means of changing 
the power is that introduced by Messrs. Goerz 
(Fig. 37), in which use is made of the fact 
that an objective composed of a positive and 
a negative lens well separated from one 
another have their principal planes very un- 
symmetrically situated. Under suitable con- 
ditions the mid-point of the actual lens system 
may approximately coincide with the point 
midway between the object and imago planes 
when the magnification differs appreciably from 
unity. The system is thus a special case of 
the one utilised by Messrs. Zeiss, but the 
translation is converted into a rotation. The 
arrangement actually adopted is to use two 
pairs of positive and negative lenses mounted 
as a whole with two right-angled deflect- 
ing prisms. This complete block is rotated 
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through two right angles about an axis normal 
both to the vortical tube axis and to the 
horizontal axis of the incident light. The use 
of two so])arato objeetivo systems may bo 
duo to (UIFioultios in oonnootion with the 
removal of aberrations. This systom must 
bo prooodod by a fixed negative lens to yield 
a virtual imago at tho same distance from 
the axis of revolution as tho first imago 
formed in tho ])oriscopo tube. If i is tho 
separation Ix^twecu the lonses and d is 
tho distance of both object and imago from 
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the nearest lens, the system is determined 
from 

1 , 1+m 
mt ’ 


where m of course is negative. 

The most usual powers of bi-focal periscopes 
are IJ and 6, the former rather than power 1 
giving an impression equivalent to a naked- 
eye view when the apparent field of view is 
limited. The value adopted for e is usually 
about 6 mm. and the apparent field may 
exceed 60®. In a 25-ft. perisoox)e the narrow 
portion may be 4 ft. in length, and the external 
diameters will be approximately 6 in. and 2 J in. 
for the main and top tubes respectively. 

§ (12) Sky - SBAEOHiNG Periscope. — The 
earlier periscopes provided only for a view 
towards the horizon, and all light entered 
through a fixed window in the side of the tube. 
It became necessary at a later date to provide 
in addition means for searching the sky from 
the horizon to beyond the zenith. The angle 
here involved is too great to make it practicable 
to include the whole in a system with a fixed 
axis. . Apart from this, since the definition is 
only at its best near the axis, it is necessary 
to be able to secure at will a horizontal direc- 
tion for the axis. A movable reflector accord- 
ingly became necessary at the head of the 
instrument, and the most satisfactory arrange- 
ment consists of two isosceles prisms silvered 
on their bases, which are cemented together 
into a frame with their bases parallel {Fig, 38). 



When the base is parallel to the axis of the 
instrument an axial beam of light continues 
in the same direction after reflection, and, 
as the inclination of the base to the tube axis 
is altered by rotation about an axis per- 
pendicular to the length of the tube, the 
deviation of the light is altered by twice this 
amount. The use of two prisma mounted in 
this way gives more equal illumination for 
prisms which can rotate within a given space 


than is possible when only a single prism is 
used. The window through which light first 
enters the instrument, and which is chiefly 
provided to prevent the entrance of water into 
the periscope, is in this case inclined to the 
axis of the instrument at about 45° instead of 
being parallel thereto as in earlier instruments. 
Supplementary systems of prisms may be used 
to secure more advantageous use of incoming 
light. 

§ (13) Misoellanboits. — The foregoing 
description is confined to the optical systems 
which have been actually employed in peri- 
scopes. A great variety of interesting in- 
struments have been designed, offering, for 
instance, panoramic views of the whole 
horizon arranged in a circular view with an 
enlarged direct view in the middle, but it is 
impossible in a single article to attempt to 
describe them. Actual periscopes also must 
bo provided with much auxiliary equipment 
in order to remain serviceable under the con- 
ditions of use. In some cases, they are from 
time to time filled with dry compressed air 
to render the ingress of water more difficult 
and to prevent the deposition of moisture on 
any internal surface when the temperature 
of the sea is low. The discussion of all 
these necessary but non - optical auxiliary 
features has not been attempted in this 
article. 

§ (14) Illustrations of Modern Peri- 
SOOPES. — It will be of interest to add some 
illustrations of recent periscopes showing the 
actual appearance of the two ends of the 
instruments. Exhaustive illustration of the 
many variations is impossible, but those that 
are given here will serve not only to give an 
idea of the appearance of the instruments in 
actual use, but will also indicate in a few 
directions the developments of which the 
jierisoope is susceptible. These illustrations 
are from photographs of periscopes made by 
Messrs. Barr’ & Stroud, by whoso courtesy it 
has been possible to include the illustrations 
and descriptions of this and the following 
sections. Incidentally the principle of tiio 
arrangement for securing two magnifying 
powers which this firm has adopted, and whicih 
differs from those illustrated in § (11), is shown 
diagrammatically in Fig. 42. 

It is not practicable within the limits of 
space imposed by the pages of this dictionary 
to show either a general outline of ordinary 
periscopes or illustrations of the internal 
mechanism. It may, however, be said that 
the length of submarine periscopes varies from 
very short instruments for night use which do 
not greatly exceed 3 metres in length to instru- 
ments reaching 16 metres or more in length. 
In many of the recent instruments the roduc,- 
tion in the diameter of the top section, which 
in early instruments was a very pronounced 
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foaturo, hag bean much more slight or even 
entirely absent. The reason for this is that the 
instruments are used in a different way. In 
approaching the object of attack the small- 
topped periscopes were kept for some consider- 
able time above the surface of the sea. Though 
the periscope itself might escape observation, it 
was found that the presence of the submarine 
was detectable through the track it made in 
the water when used in this way. The more 
general method now is to elevate the periscope 
above the surface at intervals for a few seconds 
only .at a time. Under these conditions, even 
with a thick top, the periscope usually runs 
little risk of being seen, and the surface dis- 
turbance created when this method of operation 
is adopted resembles very closely the normal 
surface irregularitios, and so is of no assistance 
in detecting the approach of an enemy. The 
possibility of using the thicker head with lenses 
of larger diameter is of very special importance 
for very long periscopos, since it is in these 
instruments that the loss of light due to the 
large number of lenses becomes most serious, 
and tho narrowness of the smallest section is 
the ohiof factor, as has been shown earlier, in 
increasing the number of lenses that are 
necessary. The raising and lowering of the 
periscope is usually performed by hydraulic 
or electrical power. 

The material of which the main tubes are 
mado is of much importance. A periscope 
made of ordinary stoel would inevitably be 
strongly magnetic, and would affect the re- 
liability of the indications of a magnetic compass 
in a quite intolerable way. The alternatives 
aro to use a bronze or a non-magnetio steel. 
In tho early periscopes a bronze tube was 
employed, but later this was replaced by a 
special nickel stool. At the best, however, 
tubes of tho latter material are somewhat 
magnetic, and in addition thoy aro slightly 
ot)rro(lod by tho action of sea-water. This 
corrosion is of more importanoo than might at 
first sight appear since it may cause the tube to 
work stiflly in the long gland whore it pierces 
the hull of tho boat, and so cause difficulty in 
manipulation. In both of these respects a 
bettor material is available, and Messrs. Barr 
& Stroud prefer to utilise Immadium bronze. 
This is completely non-magnetio and possesses 
remarkable powers of resisting corrosion in sea- 
water, its surface retaining its original polish 
after prolonged immersion. Needless to say, 
it posBossos the mechanical qualities necessary 
in a material which must withstand very 
severe stresses without any considerable 
doflootion. 

Fig, 39 shows a photograph of the upper end 
of a periscope of the sky-aearohing type. The 
glass which oomos in contact with the water 
is a window with flat surfaces. Inside may 
1)0 soon tho prism by the rotation of which 


about a horizontal axis the direction of sight 
may be varied from the zenith to below the 
horizon, according to the principle illustrated 
in Fig. 38. 

The lower end of the periscope is illustrated 
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in Fig, 40. The handles are used to rotate the 
instrument about its axis, and so enable the 
line of sight to be directed to any part of 
the horizon as required. The bearing of any 
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object to which the periscope is directed may be 
read on tho scale seen in the upper part of this 
figure. When the instrument is not m use the 
handles may be folded into a vertical position 
out of the way. The eyepiece, surrounded by 
a rubber eye-guard, is seen between and slightly 
^bove the handles. The kind of view obtained 

2:b 
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on. looking into the eyepiece is shLomi in Fig. 41. 
In focus together with the image of distant 
external objects, the graduations of vertical 
and horizontal scales are seen. These corre- 
spond to suitable angular intervals by means of 
which the apparent sizes of objects may be 
more accurately estimated. The need for such 
moasuromonts will be fully realised when the 
more precise measuring devices described below 
are considered. 

Inset in the top of the field of view, so as to 
be visible without taking the eye from the eye- 
piece, is a view of a portion of the bearings 
scale. This is obtained by the introduction of 
a small auxiliary prismatic telescope. 

In addition to reading the bearing, it is 
obviously of importance that any desired 
object should be readily brought to the centre 
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of the field under the conditions in which it can 
be best seen, without the observer being under 
the necessity of removing his eye from the 
eyepiece. This evidently involves suitable 
control over the angle of elevation of the line 
of sight in addition to its bearing, and ability 
to adjust the focus, and in special cases to 
interpose or remove rapidly suitably coloured 
screens. In this particular periscope the top 
prism may bo adjusted for elevation as required 
by rotating one of the bearing handles about 
its axis, and the focussing adjustment and the 
■ light filters are controlled by means of the two 
milled heads seen projecting from the bottom 
of the periscope in Fig. 40. It will be recog- 
nised that all these controls are placed very 
conveniently for the observer. The coloured 
glasses arc placed within the tube and lie close 
to the eye lens. The focussing is effected by 
changing the position in the tube of a movable 
lens. The principles on which the optical 


system is constructed are shown in Fig. 42, 
which is necessarily diagrammatic and not to 
scale. The eyepiece consists of lenses M and N, 
of which the former is cemented to the lower 
prism L to reduce the number of glass to air 
surfaces, and thus to obviate an avoidable loss 
in the amount of light transmitted by the 
instrument. Focussing is accomplished by 
movement along the axis of the collector lens K. 
This lens, together 
with the eyepiece and 
the objective H, forms 
an astronomical tele- 
scope. To transmit a 
sufficient quantity of 
light down the length 
of the periscope and 
secure a suitable field 
of view, this lower 
telescope is preceded 
by another astro- 
nomical telescope com- 
posed of three lenses 
E, F, G. Of these E 
corresponds to the 
eyepiece, F is a field 
lens, and G may bo 
regarded as the 
objective. Considered 
in this way this tele- 
scope produces an 
angular magnification 
measured by the ratio 
of the focal lengths of 
lenses G and E. If E 
is regarded as the 
objective and G as the 
eye lens, the way this 
telescope is actually 
used, it appears to 
diminish objects 
viewed through it. 

The combination of 
the two telescopes of 
course is itself a tele- 
scope, and as EFG 
produces an inverted 
image, and this is 
subsequently rein- 
verted when viewed 
through the second telescope HKMN, the 
combination yields an upright imago. To 
make the system suitable for use as a 
periscope it is only necessary to insert an 
upper prism B, and before this to place 
a plane surfaced window A to prevent the 
ingress of water into the instrument. This, 
in fact, constitutes a high - power telescope, 
the magnifying power being usually 6 with a 
field of view of 10°. A lower power is obtained 
by the very simple device of introducing a 
reversed Galilean telescope in front of the high- 
power system. The negative lens of this 
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telescope is marked C and the positive D. 
When the high power is wanted these are swung 
to one side of the tube as at Cj and I)^. The 
Galilean telescope is ordinarily constructed to 
be of magnifying power 4 when used alone as a 
telescope, with C as the eye lens and D as the 
object glass. As used in the periscope the 
magnifying power is thus making the power 
for the complete low-power system IJ. The 
field of view is increased in the reciprocal ratio, 
and is thus approximately 40°. The diagram 
illustrates the passage of a central and of an 
oblique beam of rays through the low-power 
system, and the reduction of the area of the 
oblique beam in comparison with the central 
beam is clearly seen. This reduction may not 
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bo carried beyond the point at which the 
difforonce in intensities at the centre and 
margin becomes apparent to the eye when the 
change takes place continuously from centre 
to margin. 

When the liigh-powor system is substituted 
the paths of the rays between I) and N are not 
affected, btit in the upper portion of the 
instrument the paths are modified and may bo 
found by tracing back the paths between D 
and E. The variation in the illumination from 
centre to margin is substantially the same for 
both powers, for this depends chiefly on the 
separation of the two objectives G and H. 
The change of power is efCectod by rotating one 
of the training handles shown in Fig. 40 ; the 
other, as has boon mentioned, is used to change 
the elevation of the lino of sight. In general 


the low-power telescope is employed, and a 
change is only made to the high power when it 
is desired to observe an object, that has been 
sighted, more minutely than is possible with the 
low power. By using the low power, which 
embraces an angular area sixteen times as great 
as the high power, large regions can bo observed 
much more rapidly than with the high power 
with its smaller field of view. 

As has been mentioned, it is necessary from 
time to time to dry the air within the periscope. 
For this purpose a desiccating chamber is 
provided in which the damp air from the 
bottom of the periscope is dried by passing over 
calcium chloride prior to being forced by a 
pump to the top of the instrument. The 
connections to the desiccator are made at the 
back of the lower end of the periscope as shown 
in Fig. 43. When the desiccator is not in use 
the inlet and outlet are protected by water- 
tight plugs. 

§ (15) Range, CouttSE, and Speed Measure- 
ments. — The periscope as doscribod above 
fulfils functions equivalent to the look-out, 
with or without the aid of a telescope, on a 
surface craft. The surface vessel in addition 
makes use of a number of other optical instru- 
ments, such as gun-sights and range-finders. 
Any corresponding instruments for the sub- 
marine must assume a poriscopic character, 
and as the power of making accurate measure- 
ments is as important for the undor-water'as 
for the above -water ship, it is natural to find 
that attempts have been made to obtain such 
measurements, in spite of the special difficulties 
inseparable from the peculiar conditions of 
observation from a submerged boat., 

For finding the distance of a visible object, 
one of the simplest methods is to measure the 
angle it subtends when the dimensions of the 
object arc known. The graticule soon in Fig. 
41, the divisions of which have known values, 
enables an approximate value of the range to 
bo found. The method can bo increased in 
accuracy by using a variable wedge to produce 
a double imago by placing it in front of a 
portion of the beam. A convenient arrange- 
ment is one in which the wedges are annular 
in form, as shown in Fig. 44, When tho 
thickest portion of one wedge is superposed on 
the thinnest portion of the other and vice vereay 
tho two are equivalent to a plane shoot of glass 
if of equal angle, and tho images formed by 
light which has traversed tho wedges are not 
displaced to one side of those formed by the 
central portion of the pencil. If one prism is 
rotated in one direction and tho other turned 
through an equal angle in tho other direction, 
tho outer rays will ho displaced in the plane 
])orpondioular to that originally containing the 
linos of greatest slope, and this displacement 
n^ooivos its maximum, value when each prism 
has boon turned through one right angle, the 
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position illustrated in lig. 44, Up to this value 
the separation of the images may be of any 
desired amount. If the lines of greatest slope 
now correspond to the vertical plane tho two 
images will be above one another, as shown in 

C BA 



Fiff, 46, and if the height of the smoke-stack 
above the wator-lino of the vessel sighted is 
known, a setting can be made and tho range 
read with oonsidorable accuracy from tho scale 
attached to tho prisms. If now tho two prisms 
are rotated together through a right angle 
horizontal measurements may bo made, as in 
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Fig. 46. As tho apparent length of a vessel 
depends upon her course relative to the direc- 
tion from her to the submarine, it is evident 
that when both the height and the length of the 
vessel aro known the former is a suitable basis 
for tho determination of her range, and the 
latter for finding hor course when the range 
is known. 

In addition to these particulars it is evidently 
of importanoo to find tho speed of the vessel 
under observation. The time taken by the 
vessel to oross any fixed line in space is the time 
she takes to travel her own len^h, and thus if 
hor length is known and the time taken to oross 
any fixed lino is observed her speed can be 
detorminod. It is not satisfactory to take the 
projection of a line fixed relatively to the 


periscope as tho lino fixed in spaoo for this 
purpose, as tho errors caused by movements 
of the submarine and of tho periscope itself 
may be considerable. Messrs. Barr & Stroud 
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have overcome this difficulty by projecting 
into tho field of view tho imago of a lino which 
is controlled in direction by a small spring- 
drivon gyrostat attached to tho lower end of 
the periscope. Fig. 47 illustrates an. instru- 


. 3 
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ment fitted with this device, tho handle seon 
at the bottom serving to start the gyro. The 
system employed is shown diagram matioally 
in Fig, 48. A is tho gyn) pivot(^<l on the 
bracket N, and B is tho mark controlled by it> 
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the image of which serves for the lino fixed in 
space. It is illuminated by the lamp C, and 
the light is introduced into the field of view by 
means of the prism D and the transparent 
reflector P. By means of the lens E, which 
must be arranged to give the proper magnifica- 



tion to the movement of the image of B as seon 
in the periscope, the mark appears focussed at 
G in coincidence with the images of external 
objects. The bracket carrying the gyro and 
the whole optical system are, of course, 
rigidly attached to the periscope. 

When more precise range measurements than 
are possible on the principles utilised in the 
instruments just described are desired it be- 
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oomos necessary to derive distances by observ- 
ing the difference in direction from two stations 
on the submarine at a known distance from one. 
another. Either the coincidence or the stereo- 
scopic principle may be used to make settings 
as in ordinary rango-flnders and in the 


former case the base may be either horizontal, as 
with instruments used on land, or vertical, the 
arrangement which the shape of an ordinary 
periscope suggests as the more convenient. All 
these alternatives have been embodied in peri- 
scope range-finders. Fig. 49 shows the upper 
part of a vertical base range-finder, in which the 
two entrance windows, the separation between 
which is the base from which the measurements 
are made, may easily be recognised. The lower 
end is shown in Fig. 60, the handle on the right 
serving to effect coincidence, and the range 
scale being shown to the right of the eyepiece. 
The appearance of the field of view before 



coincidence has been effected is shown in Fig. 
61. The view seen through the lower window 
is brought to the central rectangular strip, and 
is surrounded by that from the upper window. 
.An important advantage of the vertical base is 
that coincidence can be effected in spite of 
movements of the image due to the roU of the 
submarine, provided this is not so great as to 
cause the image to disappear entirely from the 
field of view. 

The vertical base is not free from a number 
of objections, and to avoid these a horizontal 
base must be used. The dhB&culties caused by 
the rolling of the ship are overcome by special 
features in this range-finder which enable the 
image to be kept in the centre of the field of 
view. Fig. 62 shows the lower end of such a 
range-finder having a base of length 2*7 metres 
and a vertical length of 6 metres. This in- 
strument is intended to be operated by two 
observers, and is fitted with a number of special 
devices for increasing the rapidity by which 
ranges can be transmitted. The magnification 
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is 20, and the accuracy under good conditions 
of seeing is 24 metros at 5000 metres, and 1 
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metre at 1000 metres. Of the two eyepieces 
soon, the right is that of the range-finder, that 



on the left being available when required for 
ttxking direct readings on the range seale. In 


addition there is on the other side a ix^iscope 
eyepiece for a separate trainer. The main 
periscope tube thus contains two separate 
periscopic systems, one for tdie range-finder 
and one for the trainer periscope. 

Fig, 63 illustrates another horizontal base 
instrument, and gives a gonc^ral idea of the 
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appearance of a complete instnxmont of the 
typo. In this oem the storooscopio prineiple is 
employed, and the two cyopiocos art^ clearly 
seen in the illustration. t s 


Pbtzval’s Condition for Ki^athkhr ok tub 
Fikld of an Optical Instrttmknt. 8('0 
“Telescope,” § (3); also “Optical Calcula- 
tions,” § (10). 

Phantom Ring. See “ Navigation and Navi- 
gational Instruments,” § (14), 

PiiONODEiK, Milt.kr’s : an afiparatus for the 
demonstration and photography of sound 
curves. See “ Sound,” § (50). 

PHONOGRAPH AND GRAMOPHONE, THE 

§ (1) Historical. — The first mecliani<ial 
production of sound was efiocted by Ndison 
in 1877. Ho wrapped a sheet of tinfoil round 
a cylinder and obtained a trace* upon it of 
the^ movement of a diaphragm by a |>oint 
which produced a scratch of varying depth 
as the cylinder was rotated. On allowing 
the point to travel a second time over the 
same groove the sound was reproduced, though, 
of course, very imperfectly. A horn was 
used in reproducing in order to intensify the 
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sound. In order that the tinfoil might be 
more easily indented by the recording point 
the cylinder had a groove under the foil 
where the trace was to be made. It was 
also mounted on a long screw so that the 
record was formed on a helix. Edison further 
suggested .that the record might be made upon 
a fiat disc and that both sides might be used. 

In a later machine the recording style was 
short and was carried at the end of a spring, 
which was connected to the thin metallic 
membrane by two rubber buttons, which 
transmitted the vibrations of the membrane 
and at the same time damped the natural 
vibrations of the spring, 

Edison himself dropped the phonograph 
as the result was so poor. It wa'S Graham 
Bell, together with Chichester Bell and C. 
Taintor, who as the Volta Company went 
on with the idea. It was they who substituted 
solid wax for the tinfoil or waxed paper, and 
who cut away the wax with a sharp sapphire 
point instead of indenting it, and later used 
a chisol-ond to produce a flat bottom to the 
groove. They, however, dissolved in 1885, and 
then Edison, going on from where they left 
o£E, made a successful machine and created 
the boom. The pitch of the screw was made 
much finer to increase the number of revolu- 
tions that could be made before reaching the 
end of the cylinder. Later the wax cylinders 
were made thin strengthened with ribs, the 
mandril on which they fitted was made taper, 
and they wore driven by clockwork. Also the 
cylinders had no traversing movement, but 
the diaphragm was moved along by a screw 
as the cylinder rotated. The diaphragms 
wore made of gloss and had the stylus attached 
to them directly. Among other interesting 
devices, Edison, instead of black-loading the 
master wax cylinder, covered it with a film of 
gold by passing an olectrio current through 
a gold wire in vacuo, using this film to make 
the wax conducting. 

The chief drawbacks of those instruments 
were the rapid deterioration of the records 
duo to their soft material, and the amount of 
space required for their storage ; moreover, 
the groove could only move tho diaphragm in 
one direction — upwards — tho reverse motion 
had to bo produced by tho spring of the 
diaphragm itself. Thus it had to press some- 
what heavily upon the wax to enable it to 
follow tho rapid vibrations of speech. 

§ (2) The Piionoorai^h Rboobder. — These 
defects woro largely overcome by making 
tho record a transverse one, that is to say, 
one in which tho groove, instead of varying 
in depth, is sinuous with approximately uni- 
form width and depth ; thus if a needle-point 
is placed in tho groove, it will be moved to 
and fro sideways, the whole movement being 
imparted by the groove itself. The needle 


lies in a plane parallel to that of the diaphragm 
producing the sound — ^not perpendicular to it 
as in the phonograph ; it is pivoted about its 
middle point, and while one end lies in the 



groove the other is connected to the centre of 
the diaphragm (see Fiff. 3). 

When obtaining a record the singer (or 
instrument) faces the mouth of a large horn 
LN, Fiff. 1, which is suspended by a string 
M at the mouth and is connected at the small 
end by a swivelling tube to the recording 
box R. This box is nearly counterpoised 
by a weight P. The box B with its con- 
nections is carried by an arm which can be 
traversed along a slide C by a screw S. The 
disc of wax upon which the record is to be 
taken is mounted on a turn-table V and 
rotated uniformly by a clockwork usually 
driven by a weight and connected through 
tho bevel wheels B with the screw S. In 
this way the stylus cuts a spiral groove on 
the wax. 

The stylus CD, Fiff. 2, is brazed to the rod 
AB and strengthened by a rod EE. This little 
framework is pivoted at A and 
B, so as to rook about AB 
(which is parallel to the plane 
of the diaphragm) as axis. 0 is 
connected by a short wire to 
tho centre of the diaphragm, 
which is of glass or mica, and 
to which it is cemented with 
wax ; tho end D is hardened Eio. 2. 
and sharpened and outs the 
trace on the wax disc. This disc is made of 
a mixture of waxes — ozokerite 2 parts and 
paraflGn wax 1 part — or of a soap composed 
of stearic acid, caustic soda, and aluminiu m - 
hydrate mixed with oeresine or Japan wax ; 
it must cut cleanly and not bo too soft nor 
too brittle r it is warmed either as a whole 
in an oven or locally (by an electric current) 
while it is being cut. The wax disc is next 
black-leaded and an electrotype made from 
it. This electrotype (or a copy of it) is 
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used to form the records. The records them- 
selves are made of a composition of an inert 
powder and cotton fluff, with shellac or some 
similar material as a binder. The exact 
formulae used for the wax discs and the records 
are naturally kept secret by the manufacturers. 
After the composition for the records has been 
well mixed in the powdered form, it is rolled 
between hot rollers into sheets, cut into suit- 
able-sized pieces, and pressed between the 
heated electros above described. The records 
so made arc in the form of circular discs, 
usually either 10 or 12 inches in diameter, 
with a spiral trace having about four turns 
to the mm., commencing about 1 cm. from 
the edge and ending about 6 to 7 cm. from 
the centre. 

§ (3) Thu Reproducer. — The reproducer or 
“ speaker ” is very similar in principle to the 
recorder. Instead of a sharp stylus, a rounded 
needlepoint slides in the groove on the record, 
with which it makes an angle of about 60°. 
This is hinged on a pair of V’s against which 
it is held by two springs, so that it rotates 
through a very small angle about an axis, 
parallel to the plane of the diaphragm {Fig. 3) ; 

the other end is connected to 
the centre of the diaphragm 
by a small screw and a touch 
of wax. This diaphragm is 
usually of mica, it has a 
diameter of 4-5 to 6 cm., and 
is mounted between rubber 
rings called “gaskets’’ to 
prevent it from rattlmg, to 
damp its vibrations, and yet 
to allow it to move freely. 
Some diaphragms are made of 
glass, and it has boon claimed that zirconium is 
a valuable ingredient in this glass. Others are 
of silk or other flexible material with a cork 
or card disc in the centre. The diaphragm 
forms the front of a short cylindrical box of 
magnalium or similar metal; the box has a 
metal tube in the face opposite to the 
diaphragm. This tube is inserted in the end 
of a pivoted conical tube called the “ tone- 
arm,” which terminates at its larger end in 
the beginning of the horn. The horn used 
to bo a boll-shaped metal one, but it is now 
usually made of thin wood of rectangular 
section. It is found to give the best results 
if the passage from the sound-box to the horn 
has smooth bends everywhere. There is no 
mechanism required to cause the sound-hox 
to follow the groove as in the phonograph, 
for if the tono-arm is freely suspended the 
groove itself is a sufficient guide. In order, 
however, that the needle may follow the groove 
easily it is obvious that it should always lie in 
a plane tangential to the groove. But as this 
latter is a spiral of varying diameter this can 
only be approximately achieved. Let P, Q, R» 


be points on this spiral of which Q is on tho 
middle ring, draw a tangent at Q, and with 
a point 0 on it as centre strike an arc of a 
circle, cutting the inner and outer rings of 
the spiral at P and R; it is obvious, that OP 
and OR cannot be tangents at P and R. A 
better result is obtained by taking O on a line 
making about 14° with the tangent as at 
in Fig. 4. This circle will cut the spiral at 



points P' and R', at which tangents will make 
angles which are approximately tho same 
with the lines OP' and OR' ; thus by sotting 
the plane of the diaphragm at 14° with tho 
line joining the centre of rotation' of tho 
tone-arm to tho point of tho noodle, tho 
latter will remain more nearly tangential to 
the groove throughout tho reproduction. 

It is very important that tho angular 
velocity of the cylinder, both in making tho 
record and in reproducing it, shall bo kept 
perfectly uniform, or the pitch will be afiootod. 
The linear velocity varies of course according 
to the diameter of tho spiral, but as this varia- 
tion of speed is the same in tho reproduction as 
it was ia the original recording, tho resultant 
pitch is unaffected provided tho angular velocity 
is constant. Tho linear velocity varies from 
about 120 cm. a second at tho ciroumforonco 
to 40 cm. a second at tho middle. By a 
recent invention the linear velocity is reduced 
to a uniform ono of about 40 cm. a second — 
both in recording and reproducing the record — 
and thus the length of tho record that (san be 
made on a disc is greatly incroaHcd; tho 
scratching noise is also said to bo reduced by 
the diminution of the velocity. 

Although the records are suffiiciontly good 
to afford a fair rendering of a musical com- 
position or song, and so to give pleasure, they 
are far from perfect. Tho defects most 
commonly met with and tho most difficult 
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to oliminato are (i.) a scratching noise, which 
is especially noticeable in the more delicate 
pieces ; (ii.) an unpleasant and very obvious 
nasal tone, due no doubt to the horn ; (iii.) 
a loss of many of the consonants in speech ; 
(iv.) an inequality of rendering of the soloist 
and the accompaniment, duo, of course, to the 
soloist being stationed immediately in front 
of the horn while the accompaniment is to 
one side. 

In 1904 Parsons exhibited to the Royal 
Society a reproducer in which the needle, 
instead of being connected to a diaphragm, 
actuated a grid which covered a series of 
slots in a box, and thus opened and closed 
those slots. Compressed air was supplied 
to the box and issued from the slots into a 
horn when the slots were opened. Thus 
the record controlled the escape of air and 
produced in it variations which gave a power- 
ful and yet good rendering of the record, 
comparatively free from scratch. From this 
has developed the Auxetophone and the 
Stontorphone. 

The movement of the diaphragm of the 
recorder has also been used, generally with 
the aid of a mirror, to deflect a beam of light 
which was passing through an aperture on 
to a photographic film, and so to vary its 
intensity (Rankine increased the sensitive- 
ness by projecting the image of one grid upon 
another grid) ; this photographic trace was 
afterwards used to control the light falling 
upon a selenium coll ; the resultant varying 
current was passed through a telephone. A 
groat number of attempts have been made 
to use some form of this method for the 
simultaneous recording of speech upon a 
cinematograph film, but so far without much 


PnonoMETRio Instruments : a type of 
subjective ophthalmic instruments used to 
deal witli the measuromont of ocular 
muscular want of balance and the 
muscular exorcises for its correction. See 
“ Ophthalmic Optical Apparatus,” § (3). 

Phot : the unit of illumination on the C.G.S. 
system, equal to 1 lumen per square 
oentimotro, or 10,000 lux. See “ Photo- 
metry and Illumination,” § (2), 

PiiOTO-CERAMia Methods of Graticule 
Production. See ” Graticules.” 

Photo-electric Cell : an instrument in 
which the Hallwachs effect is employed 
to measure light. See “ Photometry and 
Illumination,” § (34). 

Photo-electric Effect, application of quan- 
tum theory to. See “ Quantum Theory,” 
§( 2 ). 


Photo-electric Fatigue ; the fall in sensi- 
tivity, with age, of a photo-electric cell. See 
“ Photometry and Illumination,” § (34). 

Photo - electric Method of Speotro - 
photometry : the method depending on 
the use of photo-electric cells, gee “ Spectro- 
photometry,” § (16). 

PHOTOGRAPHIC APPARATUS 

§ (1) Introductory. — The ordinary process 
for the production of a monochrome picture 
of any object by means of photography con- 
sists of two operations — firstly, the making 
of a “ negative,” and secondly, that of the 
corresponding ‘‘positive.” 

The negative is a record of the form of the 
object expressed, as all monochrome pictures 
are expressed, in terms of gradations of light 
and shade, consequent on the exposure of a 
sensitive surface, composed of particles of a 
silver halide, to an image of the object in the 
camera, the changes induced in. the sensitive 
substance being afterwards completed by the 
chemical process termed development. The 
positive or print in its simplest form is made 
by exposing to the action of light a similar 
sensitive surface under the negative, when 
there results, after development, a picture, 
the light and shade of which corresponds — 
within the limitations of the process — ^to that 
of the original object. 

The sensitive substance now most generally 
employed for the purpose of making photo- 
graphic records in the camera is silver bromide 
or bromo-iodide emulsified in gelatine. This 
emulsion is coated upon glass or celluloid 
and dried, and the coated plates or films 
come into commerce as “ photographic dry 
plates ” or ” films ” as the case may he. It 
is proposed in this section to consider the 
instruments, other than, lenses,^ by means of 
which photographs are made, and, in the 
main, those which are used for the production 
of negatives. 

A photographic camera in its simplest form 
is a light tight, rectangular box terminating 
in two flat ends which are parallel. In the 
centre of one end there is pierced a very small 
aperture, the pinhole, which is then covered 
by a simple shield that is readily removable. 
If there now he placed inside the box (under 
suitable “safe” illumination), at the. end 
opposite the aperture, a sensitive plate, all 
that is necessary for the production of a 
photograph has been provided. If the box be 
placed upon a rigid support in front of a well- 
illuminated object, on uncovering the aperture 
an image will be formed upon the plate. If 
exposure to this image be made for a sufficient 
length of time — ^if the conditions are suitable 

See “ Photographic Xenses.*' 
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the period will not he unduly long — ^the plate 
will yield upon development a negative image 
of the object. 

It is assumed often that satisfactory 
photographs cannot be made by the use of a 
“ pinhole ” in place of a lens, but this is not 
correct, and well - constructed pinholes are 
sometimes used on modem cameras for sub- 
jects where brief exposures are not necessary. 
Provided that the aperture bo properly made 
and its diameter in relation to the plate 
distance fulfils the requirements of the optical 
theory governing the formation of pinhole 
images, little objection can be taken, so far 
as “ definition ” of the image is concerned, 
to photographs of stiU life, architecture, and 
landscapes, when meant for pictorial purposes, 
more especially if the photographs are fairly 
large in size. The interest of the “ pinhole ’* 
is, however, mainly theoretical, and in practical 
everyday photography of different kinds, lenses 
are used for the formation of images in the 
camera. 

It would be foreign to the purpose of this 
section to discuss the apparatus specially 
designed for the purpose of employing light 
sensitive materials as recorders in investiga- 
tions in different branches of science and 
technology, for the apparatus varies greatly 
according to the nature of the inquiry which 
is to bo made, and is generally peculiar to the 
particular research. Much laboratory ap- 
paratus is of standard type and is applicable 
to wide fields of endeavour, as for example 
the camera in conjunction with the telescope, 
the spoctrosoopo, and the microscope, and 
in these respects other sections^ should be 
consulted. 

In many instances photographic apparatus 
is employed to record the behaviour of photo- 
graphic material itself, as when the spectrum 
camera is used to ascertain the distribution 
of spectral sensitiveness in a dry plate or other 
sensitive surface, or the camera shows the 
appearance under the microscope of the silver 
bromide grains in a gelatino -bromide emulsion, 
and thus provides a permanent picture of 
certain aspects of its physical state. 

As well as being an aid to a large and 
increasing degree in a number of branches 
of scientific and technical research, it should 
not bo overlooked that photography of itself 
is an important industry — either alone or in 
conjunction with other crafts — utilising some 
of the finest products of optical, chemical, and 
mechanical skill. With its growth there has 
come specialisation, and each branch has 
evolved forms of construction to meet its 
own needs. No one camera will meet con- 
veniently aU the requirements in the many 
activities of modem photography. In view 
of the specialisation ordained by these require- 

‘ Soo “ Telescope,** “ Microscope, Optics of the. ** 


ments, it seems desirable that the essentials 
for an ordinary camera in its simple form 
should be stated. Cameras are essentially 
chambers for the purpose of exposing sensitive 
plates to the action of luminous images formed 
by optical means. Disregarding for the 
moment the precise mechanical form of the 
construction, a camera of simple type as used 
in ordinary photography consists of a support 
for the lens (the “ front ”), used to form the 
image of the object ; another support (the 
“ back *’) for the movable receptacle (the dark 
slide), usually employed for holding the 
sensitive plate, and a device (the “ bellows ”) 
for preventing any light reaching the plate 
other than that which forms the image, the 
distance between the “ front ” and the “ back ” 
being adjustable, while parallelism is main- 
tained. To enable the image to be examined 
and adjustment made, a screen of ground 
glass (“ focussing screen ”) is arranged in a 
movable frame in the back. To permit these 
adjustments to bo made, certain devices for 
movements in the “ back ” (reversing frame 
and swing-backs) and in the “ front ” (“ rising 
and falling ” and sometimes sliding and 
cross-fronts) are provided. During exposure 
the sensitive plate in its receptacle occupies 
the position previously held by the screen 
and therefore receives a similar image. The 
camera is supported upon a stand, by means of 
which its position relative to the object is 
adjusted and maintained. 

The most important items of photographic 
apparatus, excluding lenses ® and correction 
and colour filters,® are 

Cameras, 

Tinders, plate-holders, and changers, 

Exposing shutters. 

Stands, 

Enlargers, 

and in every division there are differences in 
type and a great variety of patterns following 
the types. 

§ (2) Oambeas. — D iscarding arbitrary dis- 
tinctions as far as possible, and for tho purpose 
of description, cameras may be classified as 
follows : 

*Stand Cameras. 

Tield or portable. 

Studio. 

Copying (including cameras apooially designed 
for photo-mechanical photography). 

Kinematograph. 

Bmd Cameras. 

Plate or “ cut film.” 

Rollablo him. 

Aerial Cameras, 


• See “ Photographic Lenses.’* 
* See “Light Filters.” 
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This differentiation should not bo taken to mean 
that in no case can a camera designed specially for 
ono purpose be nscd for another. In some cases 
there are limitations, but not necessarily exclusions. 
A field camera, for example, could be used in tho 
portrait studio, but it would not be so suitable for 
many reasons as the studio type. Even though the 
design of tho field camera were good it lacks “ stiff- 
ness” (due mainly to reduced material) and, in 
consequence, would be strained by the constant 
stress of the lens suitable for portraiture in the 
studio, which, being of considerable focal length 
and largo aperture, is relatively heavy to the lenses 
used normally on a camera of the field type. The 
swing-backs on tho field camera would not be so 
convenient for rapid manipulation as those on a good 
studio camera, and the field camera lacks certain 
desirable aooessorics as, for example, the repeating 
back. The studio camera of high grade is a heavy 
rigid instrument of considerable bulk, necessitating 
a strong stand of a different pattern to the portable 
camera — and it cannot bo folded for transport. It 
would in consequence be extremely inconvenient “ in 
tho field.” 


focussing arrangement, which is the governing 
factor. In the “ heavy form ” the back is 
movable and the front is fixed, the side of the 


Reversins Back 


SwingBacj' 
.Strut — 
(vertical 
swing7 


Clamping Screw 


Front 



Swing back Pivot 
AND Side Swing Guide 


Fig. 3. 

bellows being parallel, whilst in the “ light 
form” the front is movable and the bach 
stationary, the bellows taking the form of a 


(i.) Field or Portable Cameraa,— -Two cameras 
of the original patterns of this class are shown 
in Figs. 1-4. Figs. 1-2 represent the “ 8(inare 
bellows, hoavy-form,” and Figs. 3-4 the 
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EIQ. 1. 


“ conical bellows, light - form,” instrument. 
Tho “ heavy “form ” camera of the best makers 
is still practically the same as when introduced, 



(folding “ TAIL-BOARD ) 

FIG. 2. 

but tho “ light form ” has undergone several 
niodilioations with the object of reducing 
weight and bulk. The cameras following 
these forms differ mainly with respect to their 


Lens Fuungi 


Wing — 
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rectangular cone, and this construction per- 
mits greater compactness when the camera is 
folded. 

The front and back of the camera should 
move to and fro parallel to each other, and 
this is provided for in the construction, the 
movement being generally effected by means 
of a rack and pinion. The “extension” 
should preferably be not less than twice the 
length of the diagonal of the largest size of 
plate that the camera is made to take. ^ In 
many cameras greater extensions are possible, 
but the cameras used in that state under ffeld 
conditions are never so rigid as when more 
closed, and in some “ light-form” instruments 
are unreliable even before the limit of^ bhe 
extension is reached. The normal position 
for the lens is opposite to the centre of the 
plate ; the prolongation of its axis should meet 
the plate centre and be perpendicular to its 
surface. In practice variations are necessary. 
To give the required movement in a vertical 
direction a panel (rising and falling front) 
fits into a groove in the fiixed front, and to 
this the lens is attached, and by this device 
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movement up and down is readily effected. 
The rise should he greater than the falL In 
the camera shown in Fig. 1, SJ x 6J, the rise 
is 2 in, and the fall 1 in., and in Fig. 4, 12 x 10, 
3 in. and IJ in. respectively. To secure a 
lateral movement (sliding or cross -front) 
another panel is fitted to the vertical front, 
and to this the Ions is attached. The rising 
and falling front is a necessary adjunct, but 
tho sliding front is much less important and 
may be eliminated without serious incon- 
venience. Movements of the lens made by 
means of the cross - fronts are eq[uivalent in 
effect to lateral movements of the plate in 
the opposite directions. To effect movements 
of the plate would mean an impracticable 
complication. . The front in a “ light-form ” 
camera is usually brass strutted to secure 
rigidity, a q^uite necessary provision in the 
larger sizes. Where more than one lens is 
used the front should be pierced to take the 
flange of the larger, and the smaller is fitted 
when required by means of a brass adapting 
ring. 

When the front of the camera is set back 
to permit the use of lenses of short focal 
distance the conical bellows tends to crowd 
to the back and so out off image from the 
margins of tho plate. This drawback is 
prevented by providing “ tapes ” on the sides 
of the bellows, by means of which external 
connection is made to tho front, and the bellows 
are thus drawn forward. Photographic dry- 
plates are rectangular and are made to standard 
sizes, and with one exception (lantern slide 
plates, British 3i x 3i in.) have dimensions 
longer on one of their sides than on the other. 
To meet tliis condition cameras are made with 
the backs square and are fitted with a remov- 
able frame carrying an inner (generally hinged) 
frame bearing a focussing screen equal in 
size to the largest size plate that the camera 
is made to take. The outer frame or reversing 
back being square and removable, it may be 
placed in the back with either dimension 
vortical or horizontal at will. 

The receptacle (dark slide) for the sensitive 
plate replaces the fooussing screen frame, 
which is turned out of the way and generally 
folds over the slide when in position. 

Another movement of importance is the 
swing-back system, by moans of which the 
plate can be tilted in a horizontal or a vertical 
direction. The swings in the camera shown 
in Fig. 3 take place from the hinges which 
attach the back to the base. In Fig. 2 the 
back is in two parts. The rear portion — ^to 
which the bellows is attached— draws out and 
swings from the centre on attachments to the 
fixed part. The vertical swing-back is used 
to correct distortion of perpendiculars due to 
camera tilt. Both swings aro used, where 
necessary, as an aid in focussing. 


Several changes have taken place in tho 
early “light -form” camera. The solid 
baseboard has been reduced as much as 
practicable, the central portion being cut away, 
and in its place there is now fitted a light 
combined tripod head and turn-table. This 
eliminates the loose head which usually 
accompanies the tripod. The front is smaller 
and lighter and is arranged so that it can he 
swung. The rising panel remains, but the 
whole front (which carries the bellows) can 
be raised. This means that a greater rise 
can he obtained without interference by the 
bellows. A distinct improvement resulted 
from the addition of back-extension focussing. 
When the image is small in proportion to the 
object it is immaterial for all ordinary purposes 
whether the front or the back moves for 
focussing, but where the image is large, as 
when objects near to the lens are to be photo- 
graphed, more particularly when the imago is 
to be made to a predetermined size, front 
fooussing is impracticable, and such cameras 
can only be used by a device which practically 
makes them back - focussing instruments. 
The duplex system is therefore a groat advan- 
tage, and it moreover permits the use of 
lenses of short focal length to obtain pictures 
embracing wide angles. 

The result of these changes has been to 
reduce considerably tho weight and bulk 
of the camera, but it is proper to observe 
that such instruments are only reliable when 
their design is united with the best possible 
workmanship. 

Cameras of the “ heavy ” type in modem 
use are exemplified by the “ Premier ” 
(Watson) and the “ Square Bellows ” (Ross), 
and of the “ light ” type by tho “ Acme ” 
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(Watson), the “ Century Field ” (Ross), and 
the “ Sanderson,” Fig. 6 (Houghton). 

No departure of moment beyond those indioatod 
has been made in portable - stand cameras during 
recent years, and it is probable that the patterns will 
persist. The high pitch of development reached 
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by tlio best forms of modem hand camera has caused 
those instmments to satisfy the requirements of 
some of the most exacting workers. The tendency 
since the introduction of the high-class anastigmat 
lens has been to make negatives of small size, and to 
enlarge the pictures when required, a tendency only 
accentuated as improvements in that instrument 
and in other directions take place. Consequently, 
it is not likely, in view of its convenience and excel- 
lence, that the small hand camera will bo laid aside 
in favour of the instrument generally used in earlier 
days. In the more restricted fields of industrial 
photography, with its generally less adventurous task, 
as woU. as in many fields of technical work, the 
.ordinary portable camera will continue to be 
used. 

(ii.) Studio Cameras , — The cameras of stand- 
ard form are heavily built, back focussing and 
non-folding. The instrument has long exten- 
sion, fixed or movable front, which is provided 
with lens panel for slight rise and fall. In 
Some of the better forms the front is movable 
by rack and pinion, so that front adjustment 
without moving the camera can be made, 
which is an advantage when copying. The 
lens is usually fitted to an inner “ lens board,” 
readily removable, behind which may be 
placed the exposing shutter, and this shutter 
being invisible enables exposing to be done 
without the knowledge of the sitter for a 
portrait. The arrangement of the back is 
different to that in a field camera. The size of 
camera selected for the portrait studio gener- 
ally permits a fair range of sizes, say from | 
16/12, 12/10, or 10/8 down to -J-plate. In a 
particular studio a certain size will be more 
used than others, and will be generally smaller 
than the full size that the camera is intended 
to take. As it is the common practice in 
good portrait studios to take several pictures, 
and rapid manipulation is desirable, pro’nsion 
is made for this by means of an auxihary 
holder (“ repeating-back ” typo). The focus- 
sing screen for the full-size plate — usually a 
loose frame — is removed, and in its place is 
introduced a larger frame bearing a second 
focussing screen of the smaller size which 
slides between two parallel bars. The plate- 
holder (“ dark slide ”), containing space for 
two plates side by side, also fits these bars. 
The focussing screen is masked from the front 
by a wooden frame flush with the face of the 
repeating back (and changeable at wiU), so 
that the operator sees on the screen only an 
area corresponding to the plate that will be 
used. This plan is much more satisfactory 
than the ruled lines on the screen showing 
limits (which are sometimes used), and prevents 
confusion. When the imago is focussed the 
screen is moved laterally (though it is some- 
times hinged and is swung out of position) 
and the plate-holder takes its place, being 
“ sot ” so that the first plate is in position. 
After exposure the plate - holder is moved 


along until the second plate is brought into 
position, and exposure is then made. The 
shutter or the plate-holder is fully drawn all 
the time, but no extraneous light reaches the 
plate, the repeating back acting as a shield. 
When the camera is one made to take large 
plates the repeater form of back may be 
employed, but this means considerable bulk. 
The repeating-back principle is frequently 
applied to cameras not intended for portraiture 
and is capable of considerable application. 
The plate - holders are made square (save 
small holders for repeaters) and plates are 
placed with the major dimension horizontal 
or vertical at will. 

The back of the camera swings in both a 
horizontal and a vertical plane. These 
movements are important, being often required 
when focussing images of objects in relief 
near to the camera when lenses with large 
apertures are used, though their use in this 
respect is often abused. , The support (stand) 
is frequently combined with the camera, 
which makes for convenience and rigidity. 
Provision is made for raising and lowering, 
by rack and pinion, and for tilting the camera 
out of the horizontal. Castors are provided 
to the feet of the stand for ease of movement. 
Otherwise, independent stands of similar 
construction are used. The combined ap- 
paratus is well shown 
in the “ Improved 
Studio” (Ross), 

“ Soho ” (Marion), 
and “ Combination 
Studio,” JFig. 6 
(Watson). 

For special work, 
as in the portraiture 
of children, the reflex 
principle has been 
applied, as in the 
“Studio Minex” 

(Adams), and twin- 
lens cameras have 
also been used. These Fia. 6. 

cameras have the 

advantage that the image can be viewed on 
a fuE-size screen, focussing effected, and ex- 
posure made at the precise moment when 
the appearance is judged to be satisfactory. 

§ (3) Copying Cambbas.— The term “ copy- 
ing ” is applied to that branch of work which 
deals with the photography of flat^ surfaces. 
For much copying the ordinary studio camera 
is quite satisfactory. 

In pure photography the most important 
branch of copying is that of making transcripts 
of pictures of different kinds. For picture 
copying in galleries, museums, and private 
collections, the “ heavy - form ” portable 
camera, provided that the instrument is an 
efficient one of its kind and a suitable rigid 
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stand is employed, meets the requirements. 
Cameras of heavier construction and greater 
refinement, if combined with special stands, 
would confer certain technical advantages, but 
the inconvenience and cost of transport would 
mean serious objections. In some continental 
photographic houses where picture copying is 
a feature, apparatus of a special character is 
sometimes employed where the camera is the' 
dark room. This camera-dark room (in which 
the operator works) and the picture-supporting 
easel are built on a platform mounted upon 
a railway ” turn-table, which permits the 
whole system to be rotated to allow for changes 
in the sun’s position. 

The greater part of copying work comes in 
the domain of photo-mechanical photography,^ 
which is the branch of the craft producing 
reproductions or transcripts in various forms 
of different kinds of picture — using the term 
in a broad sense — by distinct metliods differing 
from those of pure photography, which are 
finally associated with some form of the print- 
ing press (photogravure, photo-lithography, 
collotype, line and half-tone process block 
making in monochrome . and colour and com- 
binations thereof), and for this certain forms 
of copying camera have been devised. Great 
accuracy is required in the copying of maps 
and plans and of pictures for colour block 
making and photo -lithography, and for this 
work the modem camera has. become to some 
extent an engineer’s construction. 

(i.) Details of the Gamer a , — camera system 
for the purpose of “ copying ” should fulfil the 
essentials of parallelism between the “ front ” 
supporting the Ions and the surface of the 
copy board bearing the subject to be copied 
(the “original”), and between the lens 
“ front ” and the focussing screen. If by 
proper construction these conditions are satis- 
fied, the principal axis of the lens will be 
perpendicular to the surface of the plate and 
to the surface of the “ original.” If, however, 
negatives laterally reversed are to be made 
(which is necessary in many processes), the 
focussing screen must be at right angles to 
the copy board, and a right-angle reflecting 
prism, silvered on its hypotenuse, must be 
mounted in front of the lens, the reflecting 
surface being at an angle of 4C° to the lens 
axis. In place of the prism, a plane mirror, 
silvered on its surface, is frequently used. 

The camera and the copy board must be 
supported so that the centres of the focussing 
screen and the copy board, respectively, are 
in lino with the lens axis. When this is done 
the image of an “original” which is placed 
on the centre of the copy board will fall in 
the centre of the focussing screen. If the 

* See “ Plu)t.opxaphy and the Printing Press,” 
J. Jtoy. Sfiottifsh Soc, Arte, “Keith” Lectures, Nos. 
XO, 11, xvii. ; Diet. App. CJiem., Thorpe. 


camera be then rotated horizontally 90° (the 
prism being mounted in front of the lens) and 
the board be shifted laterally in a plane at 
right angles to the focussing screen to a suffi- 
cient extent, the image of the “ original ” will 
again be centred on the screen, but it will now 
be laterally reversed. Further, the camera 
and copy board must be so arranged in relation 
that, at desire, either of these conditions can 
be maintained, whatever be the distance be- 
tween the lens and the “ original,” i.e. as the 
camera is moved to and fro by the operator 
for various sizes of image. By arrangements 
conforming to the conditions stated, “ copy- 
ing ” can be done with accuracy and with 
the rapidity necessary to meet the economic 
and other conditions which obtain. A suit- 
able method for large copying systems, say, 
for plates 36 x 24 in. and below, is to 
mount the camera and the copy board upon 
rigid stands, the feet of these being fitted 
with grooved wheels which engage on parallel 
metal rails laid on the floor of the studio, or 
a pair of rails may be laid at right angles to 
one of the walls of the studio to take the 
camera stand whilst the copy board is fixed 
upon the wall, provision being made for its 
movement laterally for centring when the 
camera is turned into the position (previously 
described) for making reversed negatives. In 
some studios where very large drawings have 
regularly to be copied a large area of the wall 
is prepared as a copy board, and there is then 
sufficient room to accommodate drawings when 
the camera is arranged for either “ direct ” or 
reversed negative making. Great care is 
necessary in the construction of boards to 
ensure flat surfaces which do not warp — a 
problem of difficulty, more especially when they 
are exposed to the heat of powerful arc 
lamps as in artificial light studios. The floor 
of the studio should be laid firmly upon a 
suitable foundation to avoid vibration. The 
camera stands and copy - board stands arc 
made of wood (preferably teak) and metal, 
but the most recent practice is to use only 
metal. Cameras constructed for map and 
plan copying (which are suitable also for 
general copying) of large size are shown in 
Fig. 7, “ Calcutta ” pattern (Penrose), and 
the “ Precision ” pattern (Penrose). The 
stand in Fig. 7 is of wood and metal ; in 
another pattern a metal stand is employed. 
Both were constructed for the Survey of India 
office and are in use in many similar establish- 
ments. In some studios when large negatives 
are made the “ dark room ” is the camera. 
The lens is mounted on a suitable panel fixed 
in the wall of the room. The “ original ” to 
be photographed is supported on a copy board 
fixed upon an easel which travels on rails on 
the floor outside the room, whilst the focussing 
screen (and eventually the sensitive plate) 
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rests in a holder mounted upon a stand having 
a similar traverse on the floor of the dark 
room. The holder can be moved upon the 



Fio, 7. 


stand by moans of a screw, and is itself fitted 
with adjusting screws for producing parallelism 
with the copy board. Sotting for size of image 
is effected by moving the stand, the final 
focussing being made by the screw upon the 
stand which moves the plate holder. 

A brief allusion has already been made (q.v.) 
to photo -mechanical printing processes and 
the difference between these and processes in 
pure or ordinary photography, For a more 
detailed explanation the roferonee given should 
be consulted. Maps, plans, and drawings in 
line (broken tone) of different kinds, drawings 
in colour, and oil paintings, nature photographs, 
whore the light and shade is continuous (con- 
tinuous tone), may all be copied in the same 
apparatus (the ordinary camera copying system 
as described), provided that the positive or 
print method for which the negative is to be 
used is confined to processes of pure photo- 
graphy ^ and to certain others in photo- 
mechanical photograi)hy, but not to all. 
Briefly, the visual effect of the continuous 
shading or continuous tone in a wash drawing 
or a nature photograph, for example, can 
only bo produced by certain important methods 
by translating these shadings into “ broken ” 
tone. Thin translation may bo, and generally 
is, effected by optical means by the application 
of the half-tone principle of Ives. The most 
important process where this principle is used 
is in the ordinary type-high half-tone process 
block which supplies the groat majority of 
illustrations aooorapanying printed matter of 
various kinds. Tlio translation of tone is 
produced in the copy negative, and is brought 
about by placing in front of the sensitive ifiate 

‘ “ PhotograT)hy, Bhoto-Mochanlcal Processes,'' 

Viet. App. Chem., Thorpo, 2nd cd. Iv. 230. 


during exposure the so-called “ ruled screen.** 
The ordinary ruled screen consists of two 
rectangular plates of transparent colourless 
glass — ceniented together in optical contact — 
bearing upon their inner surface alternate clear 
and opaque lines usually of equal width. 
The lines form angles of 45® with the sides 
of the plates, but in each one of the pair the 
orientation of the lines is the opposite of that 
in fche other. In consequence, when the 
plates are in facial contact there is formed a 
series of uniformly distributed transparent 
spaces, rectangular, and of equal size. 

The effect of the screen is to break up the 
continuous tones of the original into dots of 
various sizes, and in the completed printed 
picture the illusion of shading is produced 
by optical mixture. 

The surface of the screen when in use must 
be parallel to the surface of the sensitive 
plate, the interval between the two being of 
small order. This interval is, however, not 
a constant amount whenever a “ copy ” 
negative is made, but is varied as required in 
harmony with other conditions, the screen 
distance being only one factor out of the total 
number to bo considered. The screen plate 
must bo hold rigidly in a smooth-working 
traversing frame fixed on a support inside the 
camera, which frame can bo caused to move 
to and fro at right angles to the lens axis and 
accurately set within the limits required. 
The traversing frame holding the screen is 
moved on its support for adjustment as to 
screen “ distance ” by lever and micrometer 
screw, the screw providing an adjustable 
limit to the position of the lever. This limit 
is the correct screen distance or “ setting ” as 
determined by examination of the image on 
the focussing screen, or by the particular system 
of working adopted by the operator, and this 
distance can bo road off from the indicator 
scale provided. If the screen distance has 
once boon sot the lover can be moved to 
throw the screen back out of j)osition, but 
on reversing the direction of the lover the 
screen can be brought back with exactitude 
to the original “ sotting,” because the position 
of the micromotor screw provides the limit to 
its movement. A movement of this kind is 
necessary, because when the screen has been 
set by examination it is necessary to throw it 
back for the insertion of the plate holder 
(dark slide), and when the shutter of this slide 
is withdrawn to prepare for exposure of the 
plate the screen must be brought forward to 
the predetermined position in front of the 
sensitive plato, and thrown out of position 
when the slide is to be removed from the 
camera. If, on the other hand, the screen is 
“ set ” to a distance by any other system than 
visual examination of the image, it suffices to 
fix the micrometer screw to the required dis- 
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tance by the indicator, and the screen is brought 
up to the required position when the shutter 
of the plate holder in situ in the camera has 
been withdrawn. When not in use the screen 
holder is thrown back “ out of action,” and 
if the camera is to be used for ordinary copying 
without the screen the latter is removed from 
its holder. 

Cameras with this provision are termed 
“ process ” cameras. So far as the camera qtui 
camera is concerned the presence of the screen 
gear is not a detriment to its use for other 
copying purposes, which gain indeed from the 
accuracy and rigidity and convenience in 
movements given to the instrument to fit it 
for its special purpose. During recent years 
very great advances have taken place in this 
branch of camera instruction, largely because 
it was recognised from the first that the 
problems to be solved were essentially those 
for the engineer. As far as practicable, wood 
as an element in the construction of cameras 
and plate holders has been replaced by metal. 
To obtain the necessary accuracy in cameras 
of this type and to maintain it, strength 
combined with good design and workmanship 
is required. In many studios, particularly 
those situated in hot and moist climates, the 
conditions are extremely trjdng to apparatus 
and personnel, and these factors are recognised. 
Modem constructions are made as far as prac- 
ticable to meet the most difficult conditions, 
and the adoption of a standardised pattern 
designed to meet not the normal but the 
abnormal is economically sound from every 
point of view, when, as in this instance, it 
means, principally, good design and an in- 
telligent choice of material. 

In modem process cameras of the best 
class the back and front are separately mounted 
on iron base plates which travel upon steel 
runners, the distance apart of the two being 
adjusted by means of screws, and a screw 
and bevel gear is employed for adjusting the 
lens panel. These screws are all worked from 
the back of the camera by means of one 
removable handle. The focussing screen and 
lens board are detachable. The plate holder 
or dark slide is directly interchangeable with 
the fooussing-screen frame. The plate holders 
contain adjusting bars for holding different 
sizes of sensitive plate. When, however, a 
large camera is not employed for the full 
or the larger sizes of plate for which it is 
constructed, an adapting frame (“ Studio 
Cameras,” q,v.) is fitted in place of the full- 
sized focussing screen. The adapter takes a 
smaller focussing screen and a corresponding 
plate holder. This practice considerably 
reduces the fatigue in manipulating large and 
heavy dark slides. 

The camera stand and easel for the copy 
board are generally in one construction. The 


precise form varies, but essentially the arrange- 
ment consists of a pair of parallel rails framed 
up in a cradle, which is suspended by springs 
from a second and rigid construction resting 
upon the fioor. The easel is fixed at one end 
of the sprung cradle and the camera is sup- 
ported upon a travelling carriage, which is 
provided with a turn-table to enable the camera 
to be rotated into the correct position for 
reversed negative making. The camera in its 
carriage will travel to and fro easily (main- 
taining correct relation with the copy board), 
and the arrangement may be clamped firmly 
in any position. The copy board is of wood, 
articulated, to avoid as far as practicable the 
effect of warping, any shrinking occurring 
being taken up by means of the screws in its 
framing. It runs on the guides which form 
part of the easel, and the board is fitted with 
devices for securing parallelism with the 
focussing screen, and, since arc lamps are 
usually used in reproduction studios for 
illuminating originals to be photographed, it 
has been found convenient to attach adjustable 
supports for these lamps to the camera stand. 

The best modem stands are wholly of metal, 
the only wood employed being in the copy 
board. The “ springing ” of the cradle bearing 
camera and copy board is for the purpose of 
avoiding transfer of vibration from floor to 
camera system, but even the best arrangements 
do not wholly avoid this trouble under certain 
circumstances, and great care is required, 
especially when the exposures are prolonged. 

The “ Empire ” process camera. Fig. 8, and 
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“ Empire All Metal Stand ” (Penrose) (not 
shown), and the “ Arc Gear ” process camera 
(Hunter), Fig. 9, are good modern examples 
of these constmetions. 

(ii.) Automatic Focussing . — For rapidity of 
work it is desirable that some form of auto- 
matic setting for the respective focal con- 
jugates be employed in copying systems, and 
attention has been given during recent years 
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t<) tho bost meoiiis of using the principle. 
Given the focal length of the lens accurately, 
and tho position of its nodes being known. 



Fig. 9. 


scales can bo prepared and adjusted, so that 
by setting tho respective index pointers, 
adjusting for size and sharp imago, it would 
appear, could readily be done. In practice, 
however, the employment of this plan is not 
so simple. It is, however, practicable to use 
scale sotting as a close approximation and 
finally focussing in the ordinary way. The 
scales for any apparatus are conveniently pre- 
pared by trial. Such a system can bo made 
to effect a great saving of time. More satis- 
factory is a linkage system by means of 
which, on focussing, the image varies in size, 
but is always ** sharp.” This plan is adopted 
in certain forms of camera, but it entails 
oonsidorablo cost. 

(iii.) Reversing Devices . — Reference has been 
made to the production of laterally reversed 
negatives which are necessary in certain 
photographic processes. In tho wet collodion 
and collodion emulsion processes the negative 
may bo made diroct'and reversed by stripping 
tho film from the support, turning it over, and 
causing it to adhere to tho glass, or by suitable 
I)roooduro it may bo converted into an un- 
suf)porte(l flexible film, and the same plan has 
been largely adopted with tho so-called strip- 
ping dry plates. Reversal, in practice, may 
be also effected by the use of certain celluloid 
films on which negatives are produced thin 
enough to bo printe<l from either side. Another 
method especially convenient with dry plates 
when used in portable cameras employed 
away from the studio is to reverse the 
])lato in tho dark slide so that tho glass side 
instead of film side is towards the lens, allow- 
ancjo being made when focussing. But the 
general y>ra(itieo is to use tho optical devices 
referred to previously, viz. tho right angle 
prism or tho plane roflcicting surface. 


There have been at all times difficulties in 
obtaining as a regular supply, blocks of glass 
sufficiently free from internal strain and striae 
to make prisms of more than 3 in. face 
which could be used without detriment in 
conjunction with high-grade lenses, the pro- 
duction of blocks for larger sizes being often 
a matter of uncertainty and considerable time. 
Prisms have, however, been made of SJ, GJ, 
and even 8 in. faces. The mounting of the 
prism of moderate size is not difficult, with 
large sizes by no means easy. Prisms are 
mounted in triangular metal boxes with an 
external ring bearing a screw thread which 
engages into the lens mount, the face of. prism 
and front combination being as close as prac- 
ticable. The weight of the prism is borne by 
the lens mount, a system to which objection 
might he taken. To adjust accurately the 
face of the prism parallel to the copy board, 
probably the best way is to attach the lens to 
the front by means of a flange supplied with 
a rotating collar provided with a clamp (Zeiss). 
The same result can be brought about and 
the strain of the prism weight can he taken 
ofi the lens by means of an adjustable bracket, 
on which the prism mount rests, fixed to the 
lens board. In this way horizontal tilt of the 
prism can be entirely prevented, and there is 
no tendency to “ sag.” 

Mirrors are plain glass or metal. The glass 
is surface silvered. The surface of the ^ver 
tarnishes and requires re-polishing, and being 
delicate is easily damaged. Metal mirrors are 
more durable if care be taken, but they suffer 
in acid atmospheres, and especially when the 
air is humid, but are costly, and those produced 
to the, time of writing (1922) have not been 
perfootiy satisfactory. Efforts are being made 
to employ chromium steel, and the results are 
promising. Platinised glass mirrors are at 
present the subject of experiment, but the 
difficulties connected with the vitrification have 
not been overcome. Mirrors are mounted in 
right - angled boxes of wood, of wood and 
metal, and of metal alone. Boxes of wood, 
which are largely used, are open to con- 
siderable objection. The best form of box is 
of metal with cast frame, and provided with 
adjusting screws to set the mirror with re- 
spect to the lens. The mirror is mounted 
behind the lens. This, although not absolutely 
essential, is necessary in practice. The mirror 
is in this way protected from extraneous 
light — a very important condition — and from 
the possibility of mechanical damage. 

A serious objection to the prism arises 
from the absorption of photographically active 
light, which increases rapidly as the mass of 
the glass iucreasos. This applies more especi- 
ally when the process is “ wet collodion ” and 
tho source of illumination is enclosed arc lamps, 
owing to the particular spectral sensitiven 
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ness of the silver salt. This cannot be avoided, 
but it may be minimised by a careful selection 
of the glass. Loss also occurs with metallic 
mirrors, especially when tarnished. With 
glass mirrors silvered on the surface the loss 
is appreciable even when the tarnish is very 
slight. 

(iv.) Colour Screens. — Provision must be 
made for the support of colour screens, either 
the correction filter — “yellow” screen — em- 
ployed in conjunction with orthochromatic or 
panchromatic dry plates, or for the selection 
filters ^ employed in the three-colour process, 
or any method where the colour luminosities 
of the subject are to be controlled. 

In ordinary photography with portable 
cameras simple screen holders provided with 
caps may be attached to the lens, or the 
filter may be mounted behind the lens board 
by any convenient device, the necessities being 
freedom from stress on the filter and that it 
be supported with filter face at right angles to 
the lens axis. In the case of reproduction 
cameras where filters are made with optically 
worked glass “ flats,” great care is necessary, 
and it is now usual to emplby a filter holder 
as part of the lens ffont, the carrier for the 
filter flat sliding behind the lens. 

(v.) Hided Screen Carriers for Special 
Purposes . — It frequently happens that a 
picture made by a half-tone (ruled screen) 
process is to be copied in the camera for the 
making of another printing surface by the 
same principle. Thus, for example, the only 
available picture of which a “ half-tone ” 
block is desired may be itself an impression 
from a “half-tone” block. A translation 
made in this way will always produce a 
“ pattern,” ^ which “ pattern ” may in certain 
conditions amount to a pronounced moir4. 
This phenomenon varies in appearance as the 
angle between the existing screen lines in the 
print, and those in the screp used when 
making the second negative, alters. The 
“ pattern ” can never be in practice eliminated, 
but the objectionable effect may be minimised 
to an extent that it becomes inoffensive by 
adjustment of the screen when making the 
copy negative. 

Similarly, when the screen block process 
is employed for producing transcripts of 
pictures in colour, as in the three-colour block 
or other screen process methods, impressions 
from different surfaces in their respective 
colours are superimposed. Consequently, to 
avoid the moir6 effect and produce a visually 
negligible pattern, the angles of crossing of 
the screen lines of the components must be 
adjusted. The most convenient plan is to 

‘ See “Light Filters.** 

• See Lees, S., “ On the Superposing of two Cross- 
line Screens at Small Angles and the Patterns obtained 
thereby,” Mem. Manchester Lit. and Phil. Soc., 
1918-19, IxiU. 


employ a circular screen fitted in a rotating 
carrier mounted in the screen gear frame, 
when the suitable angular differences for the 
separate negatives can be made. 

§ (4) Self - ooNTAiNED Cambea Copying 
Systems. — ^Photography is widely employed 
to-day for the purpose of rapidly multiplying 
copies of letters, reports and documents of 
all kinds, printed matter, drawings, and 
matter of a like nature. Hand copying in 
many instances would be slow and expensive, 
and would entail always careful checking, 
whereas the photographic copy is in essentials 
free from error. To reduce operations to a 
minimum, and to enable the work to be done 
rapidly and without photographic skill, the 
apparatus — of which the “ Photostat ” (Alfred 
Herbert, Ltd.) is the most important example 
— ^is made complete in itself, and the operations 
of arranging the original, lighting, focussing 
to scale, exposure, development, and finishing 
are practically automatic. The copies are 
rapidly made upon sensitive coated paper 
which is in continuous roll form in the ap- 
paratus, negative pictures resulting. In the 
greater number of oases a negative copy 
answers the purpose, but if positives be 
necessary the negative is copied, when a 
positive of the original subject results. 

§ (6) Plate Holdebs and Chanoebs. (i.) 
Holders , — The plate holder or dark slide 
usually employed with portable field cameras 
is that known as the “ double book form.” 
This holds two plates back to back, separated 
by a diaphragm, and opens like a book. Mov- 
able shutters draw out to expose the plate 
when in the camera, which shutters fold back 
over the slide. 

Solid (non-opening) slides for two plates 
are now largely in use, particularly for small 
sizes, and when well made are satisfactory, 
possessing many advantages — ^lessened weight 
and bulk, and greater protection of the plate 
from light and from the possibility of acci- 
dental exposure due to careless handling. The 
slides are filled from the front by withdrawing 
the exposing shutters, and, in this respect, 
with many forms especially, are not so con- 
venient as the book -form slide. The shutters 
are made of hard rubber, ebonite, metal, or 
“ compressed fibre,” and draw right out of the 
slide for exposure, and in good makes care is 
taken to provide eiBfioient light valves so that 
no harm occurs to the plates when this is 
done. The solid single and double slide is 
also made with flexible “roller blind” or 
“Venetian blind” shutters (narrow strips of 
wood in close contact mounted on fabric). 
A prejudice has been shown towards these by 
some photographers, for which there is little 
or no justification, for they met the exacting 
conditions of aerial photography during the 
war when slides were used. For plates larger 
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than X in., and for standing the wear 
and tear of everyday photography, the well- 
made double dark slides in sound mahogany 
would probably be preferred, because they 
are stronger and more reliable for “ register.” 
Good double slides for small plates are now 
made in metal, and small “ single ” metal 
slides are available, and both of these are 
particularly useful for hand camera work 
where it is desired to reduce bulk and weight 
in carrying cases. A refinement and a useful 
one in many slides is a safety catch or indicator 
to obviate double exposure on plates. For 
cameras used indoor, single slides of strong 
construction are usually employed, their 
greatest use being in copying and studio 
cameras. For copying cameras “ roller blind ” 
shutters are almost entirely used, and the 
same applies with modem studio apparatus 
save for small sizes. When a slide is to bo 
employed for smaller plates than the maximum, 
inner frames or carriers are used, but “ nested ” 
carriers should bo eschewed as they are 
liable to errors in register. In largo slides, 
which are often built on a metal framework, 
carrier bars adjustable for different sizes are 
often employed. The essential requirements 
in a plate holder are absolute light tightness 
under the conditions in which it is used and 
accurate “ register,” which moans that when 
the slide is in the camera the sensitive surface 
must bo in the same plane as that previously 
occupied by the focussing screen when the 
imago was focussed. The slide should be 
easily attached to the camera back, and the 
junction between the two must be sufficiently 
close to prevent the entry of extraneous light. 

Cut sensitive coated celluloid films may be 
held in steel sheaths or carriers, which take 
the place of the plate, and adjustment for 
register must bo made. 

(ii.) Glmnging Boxes . — For holding a number 
of plates magazines termed “ changing boxes ” 
arc often used with small hand cameras, 
but their use is not always so confined, for 
changers of different forms are largely used in 
aerial cameras, and some forms have proved 
satisfactory. One of the most reliable for 
use with the ordinary hand camera is the 
simple bag changer. In this the plates are 
held in a box in sheaths (preferably steel) 
and arranged one behind the other, the front 
plate being kept up to the “ register ” position. 
After exposure the plate is lifted up by a simple 
device and enters the bag at the top of the box, 
and is then grasped — through the bag — at the 
edges and placed at the back of the pile. The 
whole operation is quite simple, and where the 
boxes are well made the system is reliable. 

In semi-automatic changing boxes the 
flexible bag is replaced by a drawer fitted with* 
spring detents, and the action of transferring 
an exposed plate from front to back of the 


magazine is effected mechanically by simply 
pulling out the drawer (when the plate is 
projected into the lower part of the box by 
springs or falls by gravity) and then replacing 
it, when a fresh plate is ready for exposure. 
The device is fitted with a curtain shutter of 
wood or flexible shutter of metal, which 
protects the face of the front plate when the 
drawer is withdrawn, and a pull-out shutter or 
curtain which performs the same function as 
the shutter of an ordinary dark slide. An 
index is provided which shows a progressive 
number each time the drawer is pulled out, 
indicating the number of plates changed. It 
is necessary to note the number of exposures 
made in one form of box, as the changing 
action docs not stop at the last plate of the 
series, but repeats ; but in another form the last 
sheath of the scries differs from those preceding 
and the drawer will not operate, thus indicating 
the completion of the series. 

The coflo and rcliahility of the changing boxes 
of this typo, and indeed all changern, depend on 
good design and workmanship in tho sheaths, and 
the boxes will not function when they are deformed, 
ospecially in mechanical changers. A well-known 
changing box as desoribed is the “Emomann” 
(lea Oo.), which operates by springs. This box may 
bo used for small or medium-sized plates. Up to 5/4 
tho type works with twelve plates j above this size it 
is desirable to reduce the number, as the weight of 
tho greater number is a bar to easy changing. 

Changing boxes of the gravity type are well shown 
in tho “ Richard ” (Jules Richard) and in tho 
“Jaoquet” (Tiranty). In this case tho plates are 
small, tho boxes are made with precision in metal, 
and the system is seen at its host. The experience 
of years shows that with reasonable care they are 
reliable. 

All changing boxes require care in usage, and 
some operators are tompcrnmontally unable to 
observe tho necessary caution, honoo tho principal 
difficulties which arise in their use. As to whether 
or not they arc desirable must bo decided on 
considerations of general convenionoo. 

§ (6) Panoeam Cambeas. — It frequently 
happens that photographs are required 
embracing a largo angular “stretch” of 
country. Several negatives may he made by 
rotating the ordinary portable camera on the 
head of the stand, and prints from these 
negatives may ho mounted edge to edge. Such 
pictures, however, will not join accurately. 
If, however, the camera be so mounted 
that tho axis of rotation is vertically under 
the node of emission, this fault disappears, 
and cameras so mounted — which is quit© 
simple — have been frequently used. Pano- 
ramic pictures may bo made on film curved to 
the arc of a circle, tho image being formed by 
moans of a Ions mounted at one end of a tube 
which has a n’arrow slit opening at tho other 
end and coming close to the film. The tube 
swings through the arc of the circle about tho 
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node of emission of the lens. The image is 
therefore stationary and in focus at all positions, 
and, provided the movement is sufficiently 
rapid, the camera can be held in the hand. 
This principle is utilised in the “ Panoram 
Kodak” (Kodak), two models of which are 
available, giving angular pictures embracing 
112 and 142 degrees respectively. A further 
development is the “ Cirkut ” camera (Century 
Camera Division, Kodak). In this type a 
mechanism unrolls flexible film past a slit 
opening, and by the same means the camera 
is caused to rotate on the head of the tripod 
stand. Negatives may in this way be made 
from 5 to 16 in. high, and for various lengths 
up to 16 ft., according to the camera and 
the length and width of the film used. 

§ (7) PrcTDiRS. — ^These are devices used for 
the purpose of indicating the amount of 
subject which would be included on the 
focussing screen of a given camera placed in 
the same position. In consequence, they 
may be employed in lieu of the focussing 
screen when the ordinary method of image 
adjustment by use of the screen is not practic- 
able, and further they are required in the 
photography of moving objects. They are 
essential with all types of hand camera (save 
the Reflex, the focussing screen of which 
renders external agency unnecessary), with 
kinematograph and aerial cameras. I 

Finders are employed attached to the 
camera (or may form part of it), but finders 
may be used separately for preliminary 
observation, and are then, strictly speaking, 
to be regarded only as “ view meters.” The 
simplest device to use as a finder is the d.v. 
view meter, which is a small metal frame fitted 
with cross wires and a centralised rear sight, 
the sides of the frame having the same 
proportions as the camera plate, or is sometimes 
the actual size. The sight is placed at such a 
distance that view angle (plate) equals the 
field angle (subject), which distance may he 
determined by calculation or trial. The eye 
placed at the sight sees the subject through 
the metal frame, when correct pointing of the 
camera can be effected. In practice the eye 
is usually placed a little further away; this 
narrows the angle and gives a margin of 
safety, useful when moving objects are being 
photographed. In lieu of the wire frame 
there is sometimes employed a double or 
plano-convex lens with a mask showing the 
plate proportions, which requires a fixed 
sight correctly placed. In practice it is 
difficult to keep the eye fixed, and these 
finders are not reliable. 

The instrument most frequently employed 
is the “ brilliant finder,” which consists 
generally of a little box with a small lens 
in the front, a mirror fixed at an angle to its 
axis, and a horizontally placed lens which 


acts as a magnifier to the image produced. 
The view is limited by a mask having the 
proportions of the plate, which mask is some- 
times rotating. Other forms of “ brilliant 
finders ” have been introduced, but the ono 
indicated, if well made and accurately adjusted, 
answers the purpose. 

When the front of the camera is raised or 
lowered the ordinary finder as described is no 
longer reliable. To meet the new conditions 
the front supporting the image lens is made to 
raise and lower, and is in linkage with the 
rising and falling front of the camera, so that 
variation in the camera front automatically 
shows in the finder (“ Identosoope ”), whilst 
in other systems engraved scales are provided 
on finder and camera front, so that after 
arranging the view on the finder, which may 
mean raising or lowering its lens, the scale 
reading indicates the setting of the rising 
front to correspond (“ Una ”) and (“ N. & G.”). 

§ (8) Exposing Shuttbes. — These are 
mechanical contrivances for exposing the 
sensitive plate in the camera, generally, for 
brief durations. Several types are in use, of 
which the chief are (a) roller-blind, (6) focal 
plane, (c) between lens, and (d) flap. Both a 
and 6 are roUer-blind shutters, but a works 
at the lens, whilst h is used in front of the 
plate. The roller -blind shutter is a fle.xible 
opaque blind, in which there is a rectangular 
opening travelling vertically across the front 
or the back of the lens, the movement being 
caused by a spring-actuated roller, the tension 
of the spring determining the speed of rotation, 
and in consequence the duration of the 
exposure. The efficiency is increased by 
increasing the length of the opening — which 
should never be less than twice the lens 
aperture^but this requires an increase in 
spring tension as compared with a shorter 
length to secure equal exposure duration, and 
high spring tensions are conducive to vibra- 
tion. The blind opening must be wide enough 
to completely uncover the lens during exposure, 
and the framework of the shutter must not 
act as an obstruction, otherwise the margins 
of the plate will receive less illumination 
than the centre. When the lens is hooded 
the hood should be removed and fitted on 
the mount as close as possible to the front 
combination, othervrise an unduly large shutter 
is required. This shutter is shown in Fig, 10. 
The focal plane shutter consists of a moving 
blind in which is a rectangular adjustable 
opening — a “ slit ” — ^that is slightly greater 
in length than the longer dimension of the 
plate. The blind is actuated by spring roller, 
and when released travels across the plate. 
The duration of the exposure at any part of 
^the sensitive surface depends upon the width 
of the slit opening and the rate at which the 
blind moves. The shutter is built into the 
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back of the camera, which must be enlarged 
for the purpose. The construction should 
permit the blind being as close as possible to 



FIG. 10. 


the plate, otherwise the efficiency is reduced. 
Two types are in use. In one the adjustment 
for exposure, so far as concerns one de- 
terminant, viz, the “ slit,” is effected by remov- 
ing the blind from its channel and altering 
the width of opening by varying the length 
of the side cords or chains holding the parallel 
edges apart. The tension of the spring roller 
is then adjusted. With this form of the 
shutter {Fig. 11) care must be taken not to 
open the shutter 
of the dark slide 
before the blind is 
wound, otherwise 
if the lens be un- 
capped the plate 
will be accidentally 
exposed. To ob- 
viate this difficulty 
Fia. 11. and to simplify 

setting, “ self- 
capping ” shutters are employed. In this form 
tho slit in the blind is closed until the shutter 
is wound up so that the plate is protected 
from accidental exposure. The slit width is 
dotorminod by an external setting device, 
tho effect of which comes into operation 
when the blind is at the end of the wind. 
After exposure the slit automatically closes, 
and is ready for rewinding for a fresh 
exposure. 

i'ooal plane shutters are necessary for very 
brief exposures. They sujBEer, however, from 
many defects — partly inherent, partly con- 
structional. A serious defect is that the 
images are frequently distorted, due to the 
fact that tho whole plate is not exposed at 
once but in sections, and although those defects 
arc not always obtrusive they nevertheless 
exist. 

Tho “ between lens ” shutter is generally a 
spring-.workcd sector diaphragm which opens 
from and closes to tho centre, not interfering 


with the ordinary diaphragm for reducing 
aperture. The shutter mount replaces the 
ordinary mount of the lens. Such shutters 
are very convenient in use, hut their efficiency 
is sometimes low, and their marked speeds are 
frequently not reliable. 

Flap shutters are described by their name. 
They are used as a convenient substitute for 
the cap for exposures of appreciable duration. 
A flap — generally a light frame covered with 
velvet — is fitted in a mount which is fixed, 
generally, behind the lens. By means of a 
lever actuated pneumatically or by “ antinous” 
release the fliap is raised, uncovering the lens, 
and is lowered after the exposure by releasing 
the pressure. They are sometimes made with 
the flap in two parts to open in the centre, 
which is tho better plan. Such shutters are 
generally only used in the studio. As well 
as “ flap ” shutters, a form of sector shutter 
actuated by pneumatic device is employed 
for this purpose and is to be preferred. 

For the methods of testing shutters, and 
the considerations of their efficiency, see 
“Shutters, Testing of Fhotographio,” Vol. IV. 

§ (9) Stands. — Tho support for the camera 
is an essential part of tho equipment, and its 
selection is generally an index of the user’s 
judgment. Field or portable cameras are 
usually supported upon stands of the folding 
tripod type, although when employed as indoor 
instruments they are often mounted upon 
' the rigid stand — ^the commonly termed 
“ studio ” stand — which will, as a rule, be 
found more convenient. The portable tripod 
is made of wood or metal, and ranges in form 
from the massive constructions with mechanic- 
ally tilting and rotating heads used for 
cinematograph cameras to the simple rule 
joint folding tripod, which folds compactly 
and serves a loss exacting purpose. Whilst 
wood is the more satisfactory material for 
the portable tripod for ordinary cameras, 
metal may be used, but really good stands 
would bo more costly. Excellent tripods are 
made in steel tubing for cinematograph 
cameras. The most suitable wood is good 
well-seasoned ash, but other woods are em- 
ployed — oak, cherry, maple. Rigidity is the 
essential point, and to this other requirements 
must reasonably conform. Tripod legs should 
be long enough to permit of their extension 
to form a wide base without reducing camera 
height below average eye level. For oon- 
vonienoo the “logs” themselves are made 
folding and twofold with one adjustable 
element — usually termed “ threefold ” — are 
satisfactory if well made, tho strength of the 
members of the stand being proportioned to 
the size and weight of the camera to be 
carried. The “head” should be for relia- 
bility approximate in width to the base of 
tho camera, and tho terminals of the legs 
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should be fixed to this as far apart as practic- 
able. Hoads are frequently provided with a 
tilting top, which is useful for architectural 
photography, and with universal heads to 
enable the camera to he levelled when the 
stand is in any position. Small ball-and- 
socket supports are, however, unreliable, 
except for tiny cameras. Whatever form is 
adopted, camera and stand should feel as if 
one, and the system should particularly resist 
torsional stress. For cameras used in the 
studio or indoors, permanent stands of the 
rigid tripod or two-pillar form, with tilting 
table and full range of rise and fall, are 
employed, the portable tripod being incon- 
venient and sometimes impracticable. Por 
indoor work of a technical character a simple 
rigid tripod with rising pillar support, fixable 
by friction clamp, answers quite well, but for 
portrait work in the studio the requirements 
are greater. 

§ (10) Enlargbrs. — Enlarging is a general 
term applied to the process of amplifying 
photographic images. Any camera system 
when the camera extension is sufficient to 
provide for the greater focal conjugate, will 
suffice in principle and is frequently used in 
practice. Actually, the enlarging equipment 
of many photographers is provided by using 
the ordinary camera, in a darkened room, the 
instrument with the negative in place of the 
focussing screen (for a simple demonstration) 
being supported with its back before an 
aperture in an opaque screen fitted to the 
window frame. Outside the window is fixed 
a white diffusive reflector at an angle of 46°, 
which servos to illuminate the negative uni- 
formly. Opposite to the lens is arranged a 
board covered with white paper upon a simple 
easel. By adjusting the respective distances 
of lens to negative and board to lens a sharp 
image enlarged to a particular amount wiU 
be formed, and eventually this image may be 
caused to fall upon a sheet of sensitive paper. 

In Fig, 12 an arrangement on this principle 
is shown, A carrier for the negative is fitted 



in the window frame, and the camera (with 
reversing frame removed) is arranged with 
its back close to the negative, extraneous 
light being excluded. The easel centred to 


the Ions runs on a board as shown, and is so 
fitted as to be parallel with the negative at 
any distance. The apparatus is simple, in- 
expensive, and efficient. 

Special apparatus is, however, designed for 
the production of enlargements, and its use 
involves fewer restrictions. Practical con- 
siderations generally require that the work 
be done by artificial light, at least in those 
countries where atmospheric conditions are 
inimical to uniformity, and, moreover, the 
necessity for providing for extended periods 
of work and at all times of the day and season 
require the use of sources of illumination 
additional to daylight. 

The principle of the construction of the 
optical lantern underlies that of the artificial 
light enlargmg apparatus, the elements being 
luminant, condenser, negative carrier, pro- 
jecting lens, and screen, but in many in- 
stances an “ extended source ” of light is 
employed, in which cases the principle is 
simplified by the omission of the condenser. 

A typical enlarging lantern comprises the 
“ lamp-house ” (containing the luminant), 
which is connected by bellows with the con- 
denser body, beyond which is the negative 
carrier frame, and this, on the other side, is 
attached by a bellows to the front holding 
the projecting lens. The condenser is fixed, 
but the “ lamp house ” and lens front can 
be moved to and fro. The condenser and 
projector are mounted in line axially, and 
the luminant can bo centred with these. 
Means are provided for raising and lowering 
the carrier, for its lateral movement, for 
swinging horizontally about a central axis, and 
for rotating it in a vertical plane. 

The lantern as a whole may bo conveniently 
mounted upon rails, upon which moves the 
screen easel, so that the two can be moved 
to and fro for adjustment of size of imago, 
parallelism being maintained. 

With respect to the luminant. 

It is desirable that this, for optical reasons, 
be small in size, and to secure reasonably 
short “ exposures ” of the sensitive surface, 
intense. The small “ enclosed ” arc lamps, 
with right-angle carbon pencils, are convenient 
and efficient, but a “ half watt ” electric glow, 
with a suitable “ concentrated ” filament, or 
the tungsten arc (“ Pointolito ”), have many 
advantages and are more uniform in radiation. 
Acetylene, incandescent mantle (coal gas or 
spirit heated) are used with success. Vortical 
incandescent mantles often occasion difficulty 
owing to the large size of the illuminated area, 
and its frequent unevenness is a source of 
trouble. The inverted form is generally freer 
from these objections. It is often found that 
an image of the mantle appears on the screen. 
This may be avoided by placing between the 
condenser and source a piece of ground gloss. 
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This then becomes the source, and rightly used 
should be provided with an adjustment to 
control the distance between itself and the 
light. Prom a purely optical point of view 
its use is to be deprecated. On the other 
hand, optical arrangements are frequently 
considered without taking account of purely 
photographic necessities. The image deposit 
in a negative is, as a rule, appreciably “ grainy,” 
and this causes “ scattering ” of the light, 
with the result that the gradations of tone 
in the enlargement are falsified as compared 
with those in the negative. Not only so, but 
flaws of a mechanical nature in the negative 
are often unduly apparent in the enlarged 
image, and the same applies to the marks of a 
spotting brush or retouching pencil. When 
the luminant is small these are, if not ex- 
aggerated, often unpleasantly visible ; on the 
other hand, when the light is diffused, as when 
ground glass is employed, this objectionable 
appearance in the enlargement is not so mani- 
fest, so there is often a gain in departing from 
purely o])tical dictates. The ground glass is, 
iiowover, something which upsets the action 
of the condenser when employed in the usual 
way, more particularly if placed on the 
side next to the negative (which is sometimes 
clone), and this should bo remembered. 

When condenser systems are employed, it 
is necessary for even illumination of the 
negative that the diameter of the condenser 
bo slightly greater than the diagonal of the 
negative, so that the whole area of the latter 
shall bo included in the base of the cone of 
light. In practice this moans placing the 
negative as close to the condenser as practic- 
able. The focal length of the condenser 
should be suitable for the projector employed, ' 
or it may bo found impossible even by adjust- 
ing the distance of the luminant to provide 
oven screen illumination for every amplifica- 
tion desired. 

If the negative is to bo enlarged as a whole, 
and it be j)lacod centrally, the raising, lowering, 
and lateral movements would not be required. 
But in practice it is frequently necessary to 
enlarge a portion only of a negative, and this 
not in the centre. It is desirable to place 
this area central to condenser and projector, 
and tho movements named are wanted. 

Tilting devices are for tho purpose of 
oorreoting convergent distortion, which some- 
times is produced in photographic negatives. 
For correct restitution similar arrangements 
must l)e provided to tho screen receiving the 
enlarged imago. Complete restitution of con- 
vergent distortion is a difficult and complicated 
matter, and the arrangements necessary are 
reasonably omitted from the ordinary enlarger, 
being required seldom and greatly increasing 
tho cost. 

The rising panel generally fitted to tho front 


of the enlarger, by means of which the lens 
can bo moved in a vertical plane, is not 
required, its use being wrong in principle, 
for the axis of the condenser and the axis of 
the lens should be one continuous line ; more- 
over, it is quite unnecessary. The focussing 
adjustment for the front should be “fine,” 
and it is a great advantage to have the means 
of focussing when the user is near to the screen. 
This is sometimes effected with enlargers 
having a central focussing screw (instead of 
rack and pinion at the side) by means of an 
extension rod fitted with Hooke’s joint 
(“ Ensign Premier,” Houghton). 

The projecting lens used is frequently that 
provided with the enlarger by the makers ; 
equally it may be the one employed in making 
the negative, provided that the aperture be 
sufficient and tho focal length suitable to the 
negative and the condenser — with daylight 
enlargers only the’ negative need be con- 
sidered. The lens should be well corrected, 
and it is desirable that its principal focal 
length bo not less than IJ times the diagonal 
of tho negative to be enlarged. The aperture 
of the projecting lens permissible is largely 
governed by the size of the light source 
— with large sources, as an incandescent 
vortical mantle, a small angular aperture 
would mean inability to obtain an evenly 
illuminated screen. In practice it is desirable 
not to select a lens with an aperture less than 
P/6. There is no objection to the use of a 
lens having a greater focal length in relation 
to a particular negative than that specified, 
save on the ground of convenience. The 
increased distance required for large magnifica- 
tion may cause practical difficulties, and the 
ordinary condensers of commerce are not 
made for use with such objectives. In many 
respects increase of focal length would be 
advantageous. 

With respect to screen or supporting sensi- 
tive paper, a plain board mounted upon an 
easel provided with the means for clamping 
on the rails so as to remain where placed is 
generally sufficient. 

The board should be well framed to prevent 
warping, and may be covered with cork 
linoleum glued down, upon which a sheet of 
white paper has been pasted, or, better than 
tho white paper, the linoleum can be painted 
with white “ water ” paint, renewed when 
dirty. There are, however, several special 
forms of easel which are convenient, and take 
various standard sizes of paper. 

When a plain board easel is used a lens cap 
should be employed, glazed with a “ safe ” 
rod glass or celluloid, and the paper is ad- 
justed to the image as seen on the easel. 

For making enlarged negatives a special 
easel, with carriers to take the plates, is very 
convenient, focussing being effected upon a 
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piece of ground glass used in the carrier. The 
enlarging lantern is frequently used for the 
purpose of making “ reductions,” i.e. pictures 
smaller than the original negative, as in 
lantern slide production. For this purpose it 
is •well to have a special easel with a small 
focussing screen 3J x 8^ in., which swings out 
of piano when the image is focussed, when 


cam and gear, the gear controlling the 
movement of the lens in relation to the 
negative, and the cam controlling the move- 
ment of the gear as the printer is raised or 
lowered to alter the size of the negative.” 

The swinging arms carry the camera unit, 
the balanee being arranged that this portion 
of the apparatus moves 



up and down without 
difficulty, and as this is 
done the image varies 
in size, always remain- 
ing sharp. The paper 
is adjusted upon the 
screen below, and the 
margins are controlled 
by two right-angle 
masks. The light is 
controlled by foot- 
switch. To eliminate the 
defect in enlargements 


Fia. 13. 


previously referred to, 


the sensitive plate contained in a similar holder 
takes its place. 

Many efforts during recent years have been 
made to make camera systems, employed for 
copying and enlarging, “self-adjusting” or 
“ self -focussing ” or “ automatic,” either by 
sotting to scales or, for the adjustment of the 
two focal conjugates, by moans of cams and 
other dovicoH. The apparatus is illustrated 
in Fiff. lli (Houghton Butcher). In this, 
focussing is effected by a device which in 
ono movomont adjusts lens to negative 
and screen to Ions. To the Ions panel is 
fixed a curved arm attached to one end of a 
right-angle cam, the other end of the cam 
terminating in a wheel that traverses a curved 
rail graduated to suit the focal length of the 
particular projector. The curved rail is fitted 
to an extension of the base of the easel, which 
is }jrovidccl with a rack and pinion. As the 
easel is moved to and fro the wheel on the 
cam moves in the curved rail and adjusts the 
distance of the lens front. Focussing is, 
therefore, automatic, following the adjustment 
of the easel for the size of the imago desired. 

A further advance in this direction has been 
made by the introduction of the “ Projection 
Printer ” (Eastman), shown in Fig. 14. The 
apparatus consists of a camera supported 
above a screen upon which the image is 
projected. The camera unit consists of a 
“ lamp-house ” holding a 260 watt gas-filled 
metallic filament lamp, supported above the 
negative carrier, the sight area of the negative 
being regulated by means of adjustable 
masks. Below this there is arranged the 
projection lens, which is connected with the 
negative carrier by means of a bellows. 
The mechanism for “ focussing ” (using the 
term in its general sense) “ consists of a 


that of blemishes or 
marks in the negative being eliminated or 
reduced in the print, there is provided a scries 
of optically worked glass diffusion discs which, 
placed over the lens, control the definition of 
the focussed image. This beautiful device is 
particularly valuable with portrait negatives 
which have been retouched, for with such 



Fig. 14. 


negatives there is always unpleasant ]>ro- 
minence given in the enlarged print to the 
marks of the pencil in ordinary artificial light 
condenser enlarging systems. The apparatus 
takes negatives up to 7 x5 in., and the range 
of amplitude from this size is from 10 x 8 to 
56 X 40 in. There is a smaller Hiz(^ taking 
5x4 negatives. 
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If the light source be much enlarged, so that 
it is greater than the negative, the condenser 
may be eliminated. This is the “ extended 
source ” system, and is now employed in 
many establishments very satisfactorily for 
the making of enlarged prints, particularly 
from big negatives. Enlarging apparatus 
constructed on this system use a brilliantly 
and uniformly illuminated area behind the 
negative, the light being either “ transmitted ” 
or “ reflected.” The initial source is gener- 
ally a series of faii-ly closely placed straight 
mercury vapour tubes, or, for compactness, 
a specially constructed M -shaped tube. The 
light from this relatively large source is further 
diffused by sheets of suitably disposed ground 
glass. The system is shown in principle in 
the simple daylight enlarger shown in Fig, 
12, the illuminated vertically arranged ground- 
glass screen taking the place of the opaque 
white diffusive reflector shown. In practice 
an indoor enlarging room is constructed with 
suitable movements for adjusting the lens to 
the negative and easel to lens. If an opaque 
screen be employed instead of the translucent 
arrangement it is generally illuminated from 
the front by carbon arc lamps or, for small 
equipments, by a series of gas-filled half-watt 
lamps, the negative being shielded from the 
direct light of the source employed. 

There are many advantages, technical and 
economic, with an apparatus of this character. 
The light source requires no alteration for 
different degrees of enlargement — a matter of 
moment in industrial production — ^whilst with 
a condenser system adjustment must be 
made whenever there be a change of amplifica- 
tion. Enlargements made on this principle 
are far better as regards photographic quality, 
because the system of illumination by an 
extended diffused source is more suitable to 
the physical condition of the image in the 
negative, and, moreover, the enlargers are able 
to deal with large negatives which would be 
impracticable by means of condenser systems. 

Extended sojuroe .illumination enlargers — 
non-condenser systems — are becoming largely 
used in the form of vertical enlargers. Here 
the apparatus is fixed to the wall and occupies 
small spaoe.^ 

Enlargements of small amplification, small 
box “ fixed-focus ” enlargers, are employed 
generally for daylight, and by those an 
enlarged print may bo obtained by the 
simx)lo operation of placing a negative at one 
end and a piece of sensitive paper — generally 
hold in a dark slide — at the other, and exposing 
by turning the negative end towards the sky. 


‘ Ec)^8po(^ial apparatus sec " The Printol ** (Brown), 
liritinh Journal of Photography y Ai)ril 2!), 1020, p. 257. 
For Hlmplo form of this convenient typ(^ see a'Arcy 
row(tr, II., HritUh Journal of Photography y 1909, p. 
475, and 1916, p. 328; and JirUisU Journal of Photo- 
graphy Almanac, 1010, p. 683. 


or towards a white screen illuminated by 
daylight or on occasion by artificial light. 
More convenient enlarging boxes are made to 
work in conjunction with particular patterns 
of hand cameras for which they are designed. 

§(11) Hand Cambeas. — The hand-held 
camera implies “exposures” of brief duration, 
and these have been rendered possible by the 
speed of the modem sensitive surfaces, and 
the production of satisfactory images by means 
of lenses of large angular aperture, with the 
subsequent elimination of the tripod and all 
that its use implies. Convenience dictates the 
employment of apparatus compact and easy 
to carry, simple in operation and quickly 
made ready for use. The employment of small 
plates from which enlargements could subse- 
quently be made has reduced the necessity 
for large direct work, and the use of rollahle 
film has caused photography to appeal to an 
ever- widening circle. 

It is difficult, unfortunately, to find any 
form of classification for hand cameras which 
shall be really helpful and have, at the same 
time, the advantage of a logical justification, 
for hand cameras are the most individualistic 
things amongst photographic apparatus. The 
term “ hand ” camera is not in itself a distinc- 
tion, and certainly not an exclusion, for any 
hand camera can be used as a stand camera if 
the operator so desires. The most distinctive 
introductions, so far as concerns type, have 
probably been the “ Eclipse,” which was the 
parent of one important class of folding camera 
in use to-day, the “ Reflex,” and in respect to 
far - reaching effect, the folding “ Kodak,” 
which embodied the idea of reliable film- 
holder and camera in one. 

Modern hand oameras are, essentially, small 
picture oameras, the sizes ranging from 2,*^ x 
If to 6x4 in., and occasionally 6J x 4J in. 
or “half-plate.” They are used for plates 
or out films, or both, but when the film is 
rollahle the camera is generally made for this 
purpose. 

A consideration or general application is the 
method of focussing. Disregarding the reflex 
(and the now seldom used “ twin-lens ” type) 
camera the actual image to which the plate 
will he exposed is riot seen prior to exposure. 
The amount of subject included and the 
position of any portion therein, say the 
principal object, is observed by means of an 
external instrument — a “ finder ” {q.v.). The 
focussing may be done by judging the distance 
of the object and then setting the lens for that 
distance by means of a scale provided. The 
minimum distance of lens to plate will be 
when the lens is set for an object at “ infinity,” 
but in practice this position on the scale is of 
little value save as a datum line, for the best 
definition is seldom required for objects at a 
considerable distance. If the camera be of the 
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“ fixed focus ” type the setting of the lens 
should be for an object at the hypeifocal 
distance of that lens when used at its maximum 
aperture. This plan secures sharp definition, 
for the greatest depth of field and objects 
exceeding a certain minimum distance are as 
well defined as possible with that particular Uns. 
When the lens is set this way the depth of 
field may be taken, practically, from about 
half the hyperfocal distance onward to 
“ infinity.’* The minimum distance becomes 
less if the aperture be reduced and therefore 
the depth of the field increases. 

The “ fixed -focus ” cameras are advisedly 
only used for small plates when lenses of 
relatively short focal length may be employed. 
If, as is generally the case, the angular 
apertures are small the hyperfocal distance is 
near to the camera. When, therefore, the 
lens is set for an object at the hyperfocal 
distance, the “ near point ” being half this 
distance and the “ far point ” being “ infinity,” 
the depth of field is well extended. In 
consequence, by conforming to certain condi- 
tions such apparatus has considerable useful- 
ness. By the employment of supplementary 
lenses readily attached to the camera lens, 
objects quite near may be brought into sharp 
focus. It should be remembered that hyper- 
focal distances are “ extra focal.” 

In the majority of instances, when the 
camera has a focussing arrangement it involves 
the movement of the lens, either the front as a 
whole moves or the lens may bo moved by a 
“ focussing flange,” the front remaining fixed. 
For accurate and easy working efficient 
scaling is neoessary, more particularly as the 
negatives are frequently used for enlarging. 
It is desirable that a scale in yards be provided 
for the particular lens, so that when the 
index on the moving portion be set to any 
distance - mark on the scale the operator 
may know that an object at that distance will 
be “ sharp ” upon the plate. Focussing thus 
becomes a matter of judgment. But the 
production of the maximum sharpness for 
an object in one plane is only a particular 
case, although one frequently important in 
practice. More generally the operator desires 
to know the setting which will yield the best 
general definition for a series of objects situated 
within a certain range of distance from the 
camera, and for this “ depth of field ” scales 
are necessary. This form of scale can serve 
to some extent for both purposes, but since'’ 
the numbers are not in simple sequence it is 
better to have in addition a separate scale in 
yards suitably graduated for what may be 
defined as “ object focussing,” for such work 
often entails rapid decisions, and any 
complication militates against quick conclu- 
sions. The two scales are now provided with 
some of the best types of camera, and can 


always be added to any focussing camera 
when desired. 

In a reflex camera focussing is performed in 
the usual way. The image formed by the 
lens undergoes a directional change by means 
of a mirror, and is received upon a focussing 
screen at right angles to the plate. When 
the camera is held in the ordinary way the 
focussing screen is horizontal, and being 
suitably shrouded from extraneous light the 
operator looking down on the screen sees the 
image formed by the lens. The camera is 
therefore its own finder, and by actuating the 
focussing screen the image may be focussed 
as desired. The shutter release as a first 
action lifts the mirror out of place, and when 
the plate or lens is uncovered the image 
observed on the screen falls on the plate. 

Practical considerations dictate compactness 
in bulk, and folding cameras are the most 
generally used. When the cameras are small 
the term “ pocket ” is used, but the size is the 
only criterion for this distinction. 

A most useful form is when the camera 
opens concertina fashion, and the front and 
back are held apart by moans of metal struts, 
or by side wings as in the parent form the 
“Eclipse.” The front, when the camera is 
extended, is at such a distance that the plate 
is practically at the “ infinity focus ” or prin- 
cipal focal distance of the lens ; any further 
extension required for focussing near objects 
is obtained by altering the distance of lens 
to plate by means of the “ focussing flange ” 
in which the lens is mounted. The exposing 
shutters are either focal plane or “ between 
lens.” This form is probably the best for 
rapid manipulation. 

A type of hand camera follows the general 
style of the “ light - form ” portable field 
camera (g'-u.), where the base board falls, and 
the front — ^to which the bellows are attached — 
draws out on the base, and focussing is eflocted 
by moving the front to and fro. Consider the 
focussing screen (whore present) protected, and 
that the whole of the movements are enclosed 
when the camera is folded, and there results 
one of the most important forms of hand 
camera. Such instruments are provided with 
focussing adjustments, rising, falling and 
swing fronts, reversing back, focussing scales 
and finder. The exposure device is either a 
focal plane or “ between-lens ” shutter. Those 
cameras are employed for plates, held in dark 
slides, or for cut films. Examples are shown 
in the “ Ena ’’ (Sinclair^ “ Vesta ” (Adams), 
“ Sibyl ” (Newman Guardia), and “ Sander- 
son ” (Houghton Butcher). 

The typical camera for roll film is the 
folding kodak (Kodak, Ltd.). This apparatus, 
when closed, is self-contained, the sensitive 
material being held in a spool in the camera. 
1 The “ base ” on release falls and looks in a 
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horizontal position, and the front draws out, 
sliding upon parallel guides in the base, 
focussing being effected by means of rack 
and pinion. The essential movements are 
provided as in any other camera, but additions 
and refinements are provided in the many 
forms available, A distinctive feature of the 
kodak type is the employment of the “ day- 
light-loading ” spool of film, by means of which 
the camera can be replenished even under 
open-air conditions, a convenience which has 
had a most important bearing upon the 
diffusion of the practice of photography. 
The sensitive film is changed after each 
exposure by a winding key, and an indicator 
is provided showing when the change has 
been completed. The exposure is made by 
means of a “ between -lens ” shutter. In the 
“ Kodak ” camera known as “ Autographic ” 
there is provided the means to inscribe the 
title of each exposure upon the film before 
changing, and the developed pictures bear 
their own record. 

The distinctive principle of the “ Reflex ” 
camera has already been described. This 
camera is advisedly the best for the more 
studied work of those advanced photographers 
with whom careful pictorial composition is the 
rule. Although good composition is deter- 
mined by a visual study of the subject itself, 
it is undoubtedly an advantage to be able to 
see the image upon a screen, the same size 
as the plate, before exposure. Inasmuch as 
the essential requirements of a good camera 
remain constant, there is only the special 
addition to be considered. The or<flnary 
reflex employs a focal plane shutter, it being 
necessary to protect the plate “ hold in 
waiting” from exposure until the mirror is 
lifted out of the way, the perfect closing of the 
top of the camera so as to prevent extraneous 
light from entering through the finder screen 
being essential. The drawback in many re- 
spects to the focal i)lane shutter is that it 
is not entirely satisfactory for the relatively 
slow exposures required in much reflex camera 
work, especially that of the i)ictorial kind. 
This drawback has boon overcome in the 
“N.S. Reflex,” whore the focal plane blind 
has boon eliminated and a “ betwoon-lons ” 
shutter substituted. A supplementary flap 
protecting the plate follows the mirror when 
the release is pressed; this flap, however, 
only comes into action when the lens shutter, 
open for the focussing, has returned to the 
closed condition. By this devicjo the plate — 
unc.ovored ready for exposure — is protected 
until the lens is covered, and the nrirror having 
risen excludes any light which otherwise would 
enter the caim^ra through the ground-glass 
finder screen. At this stage the ox])osure 
takes i)laoo. A most important necessity in 
the reflex camera is the perfect functioning 


of the release system which controls the 
sequence between the raising of the mirror 
and the exposure. 

As an example of the reflex camera the 
“ Soho ” (Marion) may be cited. 

The reflex camera is of necessity somewhat 
bulky and relatively heavy, hut with the 
tendency to employ small sizes this drawback 
to the use of a beautiful instrument is 
mitigated. To overcome the bulk difficulty 
folding reflex cameras have been made, but 
it may be observed that the folding principle 
does not receive its best exemplification in the 
reflex camera. 

As well as monocular cameras the stereo- 
scopic principle is applied to hand cameras, 
and in these to-day it finds its principal use. 

§ (12) Aerial Cameras. — The aerial camera, 
leaving aside the forms employed in survey 
during the last 00-70 years, owes its develop- 
ment to recent military necessities. As 
originally designed for the purpose of recon- 
naissance, the aerial camera was, essentially, a 
simple fixed focus box camera of wood or 
metal provided with a lens of large angular 
aperture, a fooal plane shutter, and a simple 
finder, the plate being placed at the principal 
focal distance of the lens. The plate recep- 
tacle used was either a changing box or some 
form of single or double plate holder. The 
camera was hand held. The principal focal 
distance of the lenses employed was 8*26-10 in. 

To avoid the many diffioulties inherent in 
hand-held cameras, the apparatus was after- 
wards fixed externally to the side of the 
fuselage of the machine, or intemally. 
Eventually the camera was fitted with a 
simple changing device. The plates held in 
steel sheaths were contained in a magazine, 
and were received after exposure in a recep- 
tacle of the same kind. The apparatus was 
operated by hand, the plate being changed 
and the exposing shutter set by one operation, 
exposure following at will by actuating the 
shutter release, and the cycle was repeated 
for the next plate. Subsequent developments 
led to a much improved changer system and 
to the building of the camera wholly of metal, 
The camera was also separable into two 
portions, the upper part or body forming the 
changer system with the shutter, and the 
lower — the cone — holding the lens. By the 
use of cones of different lengths it was possible 
to utilise ionsGS ranging from 4^ in. to 20 in. 
focal distance. The shutter was made detach- 
able and of the self- capping typo, with external 
adjustments for slit width. In this apparatus 
changing the plate and sotting tlie shutter is 
performed by mechanism operated by hand 
or by motive power derived from a small 
i independent propeller on the exterior of the 
I aeroplane, driven by the current of air as the 
machine travels through space. The camera 
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can be used intermittently for single photo- 
graphs or continuously for a series, determin- 
able at will, so long as plates remain in the 
magazine. The camera mechanism can be 
put in or out of action when at a distance 
from the observer by means of a Bowden 
wire. To avoid the effects of vibration the 
apparatus is fitted on a special cushioning 
device. The negatives made in small cameras 
(5/4 in., 9 X 12 cm. and 13 x 18 cm.) may be 
enlarged, but, in lieu, negatives of greater 
size may be made in cameras of similar form 
to those indicated, using dark slides or 
magazine changers hand operated, or in 
automatically worked apparatus, all of which 
methods having yielded good results even 
under the relatively trying conditions of aerial 
flight. To avoid the use of plates, roll film 
cameras of different types, automatically 
driven, have been used. Attention has been 
paid in every ooirntry interested in aerial 
photography to the design of these cameras, 
and it is probable that in these the main line 
of development will be made in the future. 
One of the principal difficulties with film 
cameras is the want of planarity of the film. 
In one form of apparatus it has been sought 
to overcome this trouble by pressing the film 
against a plate of glass, and in other instances 
suction devices have been employed to main- 
tain the film flat in the focal plane, and this 
plan offers probably the fewest drawbacks. 

0. w. a. 
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Photoouaphio Lens, Meastirbment or Focal 
Length of. See “ Objectives, Testing of 
Compound,” § (2) (i.). 

PHOTOGRAPHIC LENSES 
§ (1) Introductory. — The lens in photo- 
graphy is employed to concentrate a large 
amount of light of certain wave-lengths in the 
form of an image of external objects on a thin 
layer of sensitive matter which is otherwise 
shielded from all light. Convenience requires 
the sensitive layer to be in the form of a plane, 
and the exceptions to this rule may for the 
purposes of the present article bo neglected. 


According to elementary theory a lens pro- 
duces, for light of any given wave-length, 
coUinear images of all points, and consequently 
the image of a plane is itself a plane. Accord- 
ing to this theory any lens, if achromatic, will 
tend to give a plane image of say a picture, 
and this image will be an exact copy of the 
original picture if the axis of the lens meets 
the plane of the picture at right angles. By 
choosing a position for the Ions at a suitable 
distance from the picture the image may he 
made as large or as small as is desired, and 
thus any lens which transmits a cone of rays 
wide enough to include all parts of the picture 
will be suitable for the reproduction of the 
picture to any size required. This conclusion 
has to be modified when aberrations are taken 
into account, but, except with lenses of very 
large aperture, it is sufficiently correct for 
most photographic work provided the lens is 
of good design. 

The case of the plane object, which is almost 
invariably the oiily one considered in text- 
books, is not the most frequent on© in actual 
photographic work. The t 3 q)ical problem is 
the reproduction of a scene out of doors whore 
objects at very varied distances from the 
lens are included within the angle of view. 
Some of these it is desired to have recorded 
in sharp focus on the sensitive layer though 
they may be at different distances from the 
lens, and again it may he desired that other 
objects shall, as far as possible, not he evident 
in the reproduction on the sensitive surface. 
Moreover, some of the objects may bo in motion, 
and the time during which the surface may 
be exposed to light has therefore to be made 
small. Hence the aperture of the lens is 
required to he largo in order to transmit 
sufficient light in small intervals of time. In 
many oases the imago is required to cover a 
large solid angle also. All these considera- 
tions introduce special difficulties, some 
tending in their influonco on the design of the 
lens in one direction, others in an exactly 
opposite direction. It will readily ho appreci- 
ated that under the circumstances considerable 
diversity is called for in the design of lenses, 
and that even so each one represents a com- 
promise between conflicting requirements, 
the aim of the maker being to balance the 
desirable qualities in such proportions that each 
lens he manufactures will be found sufficiently 
satisfactory by a largo class of users. 

§ (2) Central Illumination, (i.) The 
Stop . — However small they may appear to 
be, all the objects suitable for terrestrial 
photography must be regarded as of finite size, 
and it follows that in considering the illumina- 
tion at any part of the image the finitencss of 
the size of the image must be taken into 
account. Suppose that the centre of the field 
of view is occupied by a small plane object of 
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area S placed normal to tlio lens axis. If the 
distance between the object and the lens 
is d and the area of the stop is A, the total 
amount of light from the source which passes 
through the lens will be represented with 
sufficient accuracy for our purposes by 
• ISA 

where I is proportional to the light given out 
by unit area of the object. If the lens is 
properly designed, all this light, with the 
exception of a proportion which is unavoidably 
reflected or scattered when the light is re- 
fracted at the surfaces of the lens, will reach 
the sensitised surface. If the area of this 
image is S', the illumination on unit area of 
this surface will be 


brightness though the object remains equally 
bright. This is partly the reason why in a 
photograph of a scene in which both near and 
distant objects are included the former appear 
unnaturally dark. In copying a plane picture 
on any given scale the increase in the time of 
exposure required is independent of the focal 
length, since under these conditions the ratio 
S : S' is given and d and d' are proportional 
to the focal length. In the case of natural 
objects the result, however, is dependent on 
the focal length, and our standard of com- 
parison is provided by the effects we see with 
our eyes, instruments having a very short 
focal length. By a very well known optical 
formula the linear magnification for an object 
distant d from a lens of fpcal length / is 

/ 

if 'dr 


If the stop is so placed that its images are in 
the unit planes, that is to say, if the stop image 
appears of the same size when examined from 
the front of the lens as when scon from the 
back, and d' be the distance between the 
second unit plane and the imago of the object, 
then, since the magnification wi is measured 
by the ratio of the distance of the image to 
the distance of the object, wo have 


It follows that the brightness of the image is 
proportional to 

.. m 

where a is the diameter of the stop when this 
is circular. When the object is fairly distant 
d' differs by a negligible quantity from / the 
focal length of the lens, and the exposure 
required to produce a satisfactory impression 
on the sensitive surface is therefore propor- 
tional to (//a)®. The sizes of stops are most 
generally denoted by numbers which indicate 
the values of //a, and it is customary to 
designate the rapidity of lenses by quoting 
the smallobt value of this fraction for which 
the lens can bo used. Thus a lens- may bo 
described os having the rapidity //4, moaning 
that the diameter of the largest stop it is 
possible to use is equal to one-quarter of the 
focal length. vSuch a lens would only require 
an exposure of onc-quarter the time necessary 
with one in which the largest stop is //8, or 
one-eighth of that wanted when a stop as 
small as //ll is required. 

(ii.) Tim ICffect of /)z.stoc6. — When the object 
considenMl is not very far away the imago is 
removed to a greater distance from the lens, 
so that d' increases; the image falls off in 


and therefore (1) becomes 

and the illumination falls off the more rapidly 
the greater the value of f. Taking 15 mm. 
(0‘6 in.) as the focal length of the eye, the 
variations in light intensity due to proximity 
-will be at least 5 times as great with a lens of 
76 mm. (3 in.) focal length as with the eye, 
and at least 20 times as great with a lens of 
20 cm. (12 in.) focal length. This oharaoter- 
istio indicates that under certain circumstances 
there may be a considerable gain in employing 
a lens of short focal length and enlarging the 
resulting picture rather than in taking, a view 
directly of the size ultimately required. 

(iii.) Scattered Light , — It has been mentioned 
already that a certain amount of light is 
inevitably scattered at each refraction. The 
amount so lost is far more detrimental to the 
production of brilliant images than the sub- 
traction of the corresponding amount of light 
from the incident beam would indicate, for 
some of the scattered light from intensely 
illuminated objects will fall upon parts of the 
image corresponding to dark objects, with 
the* result that a flattening in the tones of the 
image takes place. It is important to avoid 
this as much as possible, and it follows that 
lenses which have a small number of glass to 
air surfaces tend to produce brighter pictures, 
os the amount of light scattered is almost 
entirely due to refraction to or from air, 
that dispersed at surfaces where two glasses 
arc cemented together being in comparison 
negligible. 

tt should not, however, be supposed that 
the presence of a number of such glass to air 
surfaces is the chief cause of flat photographs. 
Far more serious sources of trouble in many 
cases are due to carclossnoss in allowing bright 
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light from a source outside the proper field of 
view to fall upon the interior of the lens mount 
on the one hand, and to an attempt to secure 
undue compactness in the apparatus on the 
other, which loads to the omission of a lens 
hood, and still more serious, to the use of too 
small a bellows to tho camera, causing a great 
deal of light to he reflected fi-om the befiows 
on to tho plate. A proper bellows should be 
largo enough to allow two or three flexible 
stops to bo inserted which will intercept light 
that might otherwise cause general fogging. 

§ (3) Illumination in the Outer Parts oe 
THE Field. — Suppose now there is in the outer 
parts of tho field of view another area similar 
to that at the centre, of the same brightness 
and in the same piano. Lot the angle made 
with the axis by the line joining the centre 
of this area to the centre of the stop be <f>. 
Suppose tho object behaves as a self-luminous 
body. Then the amount of light emitted per 
unit area in a direction making on angle ^ 
with tho normal to tho surface is proportional 
to cos <f>t so that I must be replaced by I cos <f>. 
I^ho stop soon from tho object appears fore- 
shortened, its area being apparently A cos ^ 
instead of A. This substitution must there- 
fore also bo made. Further, corresponding 
to tho distance d we have the increased 
distance d soc <^. S and S' are of course un- 
changed. Taking all these factors into con- 
sideration, it appears that tho illumination 
in tho imago of an evenly illuminated object 
fulls off in proportion to cos* </>. The acoom- 
ptmying diagram (Fig. 1) exhibits this graphio- 


Serious as these figures are, they by no moans 
represent the worst, for it almost invariably 
happens that for object points only a small 
distance from the axis a second limiting 
aperture begins to cut down the light still 
further below the figures given in this table. 
The way in which this comes about is illus- 
trated in Fig. 2. A central beam is shown 
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ally in the curve AA'. It will be seen that 
when 

the illumination is reduced by 22 per cent. 

33 „ 

44 „ 

^=“ 35 ® ,, ,, ,, 66 „ 


passing through the lens in section at «, a 
beam at 10° at 6, at 20° at n, 30° at eZ, and at 
35° at e. Tho reduction in cross-HOction is 
evidently due to the axial separation between 
the extreme lenses, and its influence on tho 
illumination is indicated in the curve BB' of 
Fig. 1. It is quite common to find that the 
illumination at 30° is of tho order of 15 i)er cent 
of that at the centre. In spite of tho 7 to 1 
ratio in light intensity which this represents 
it is not usually noticed in photographs, 
because the eye is not very sensitive to gradual 
changes of intensity. If, however, tho angle 
is made imusually large, such as by a very 
liberal use of the rising front of tlio camera, 
or if a composite photograph is made with 
“ straight ” prints, the variations are noticed 
immediately. 

When it is necessary to cover a very large 
angle the most ready method of securing the 
greatest uniformity in exposure is to prevent 
the secondary reduction of aperture by stop- 
ping the lens down imtil the whole circle of 
the aperture can be seen from the corners 
of the image it is required to roconl. In some 
lenses tho stop is so placed that this rodue-tion 
is of no effect, and in a few oases stopi>ing 
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down actually reduces the size of the total 
nold of view and increases the disparity in 
illumination. Quite frequently it is necessary 
to reduce the size of the stop for this purpose 
to a far greater extent than is consistent with 
very sharp^ defimtion in the image. When 
this expedient is insufficient, recourse must 
bo had to special stops contrived to reduce 
the amount of light at the centre to a greater 
extent than that at the edges. The principle 
employed consists essentially in the combina- 
tion of a circular opening in a plane with an 
opaque circular stop in another plane, or 
alternatively with a conical stop {Fig, 3). 



Those arrangements date from a very early 
stage in photographic history, and were de- 
veloped by Bow and Sutton. At the present 
time the best known application of this prin- 
ciple is in the case of the Goerz “ Hypergon,” 
in which a rotating star-shaped central stop 
is used. With this lens ^ may be as great 
as 70®. 

§ (4) Bbmh OB’ Footrs.— When the view 
contains objects at different distances from 
the lens, it is not possible for the images of all 
of them to be formed in the sensitive layer, 
and the impression produced is that of a more 
or less badly focussed image. The simplest 
way of ascertaining the effect which will be 
produced is to neglect the depth of the sensitive 
layer, so that only one object plane is supposed 
to be sharply focussed. If P is an object 
point outside this plane, as at or Pg {Fig, 4), 



a geometrical theory leads to the conclusion 
that P, instead of being represented in the 
image by a point, will appear as a patch cor- 
responding to the image of the circle in which 
the cone, whoso vertex is at P and whose 
base is the Ions aperture, intersects this plane. 
If d is the distance of the plane from the lens, 
and dj is the distance of the plane through P 
parallel to the plane rendered sharply, the 
diameter of the equivalent object circle will be 
e, where 

a” d-i 

It follows that if the nearest and farthest 
objects to bo rendered in acceptably sharp 


focus are distant d-^ and the proper distance 
to focus on is d, where 

?=i+i 

d dj 

and the diameter of the circle in the image 
plane which serves as an image of a point in 
either of the two extreme planes is 

2lJ-lld,-lld^* 

where / is the focal length of the lens and a the 
diameter of the stop in use. 

In applying this formula it is usually 
assumed that a blurred image of a fixed 
diameter may be accepted as a standard, and 
the most usual tables adopt -01 in. as this 
diameter. Probably the assumption of a 
fixed diameter is not unreasonable for lenses 
of focal lengths 8 in. or more, but this criterion 
appears unsuitable for photographs taken 
with lenses of very short focal lengths such as 
are now common, where it is reasonable to 
assume that every picture must be enlarged 
to be properly appreciated. In these oases 
the diameter of the blur should probably be 
reduced in proportion to the focal length, 
attaining the value for larger lenses when the 
focal length reaches approximately 8 in. 
For securing a sharp impression there is no 
doubt that in the case of the longer focal 
lengths *01 in. is too large a value to assume, 
at any rate for objects of importance in the 
central parts of the view, and to attain the 
standard reached by the normal eye this 
requires to be reduced to about one-quarter. 
On the other hand, to make sure that certain 
objects will not be distinguishable in the 
print, it is desirable that a value exceeding 
•01 in. should be adopted. 

One of the most important applications 
of the above theory concerns the focus for 
"infinity’* in small hand cameras. Here, 
if anywhere, the *01 in. limit is tolerable, as 
the principal objects in views taken with such 
cameras are rarely really distant, and it is 
only important to ensure that the blurring 
of very distant objects does not present an 
unnatural appearance to the eye. For this 
case the formula becomes 

Distance to object sharply focussed for infinity 
FocaD-engtE 

— 14. Diameter of stop 

” Diameter of blur circle* 

Thus with a lens of 5 in. focal length and full 
diameter 1 in. the object sharply focussed 
when the camera is set for infinity -will be 
slightly over forty feet away, and the sensitive 
surface will be about *06 in. from the plane 
conjugate to infinity. 
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§ (5) Depth of Focus and Phase Errors. — 
It is interesting to consider in connection with 
these traditional rules the results which would 
follow from the application of criteria for good 
definition suitable for the telescope, finding 
the depth of focus for instance in terms of the 
phase errors consequent on departure from 
the theoretical focus. Considering a point on 
the axis from which a ray to the rim of the 
lens aperture makes an angle ^ with the axis, 
the difference in path introduced by changing 
the distance of the point from the lens from 
d to for this extreme ray is 

(l-cos 1 ^) 

and since sin i/'=a/2d, this path difference may 
be written as 

(d^ -- d\ 

8 v 

8 [d'^dj' 

If, then, ±0 represents the greatest path 
difference consistent with acceptable definition, 
the connections between a, c, the near and 
far distances and and the distance d 
on which the lens should focus are 


as before, and 

i.- 1 

di dg ' 

a formula differing markedly from that 
obtained by considering the area in which 
the ray bundles meet the image surface. 
According to this theory the depth of focus 
is inversely proportional to the area of the 
aperture, instead of varying inversely as the 
aperture diameter and the camera extension. 
The connection between the quantities in- 
volved in the two theories may be written 

Path difference 

= i diameter of image circle x sin 

where is angle made with the axis by 
the extreme ray in the image space which 
passes through the axial point of the image 
piano. Taking an object fairly distant from 
the lens on which to focus, and assuming 
an aperture of //4-6 and a phase tolerance of 
1 wave-length of yellow light, the diameter 
of the permissible image circle is found to be 
approximately -0007 in. = 1/1400 in. On 
account of the finite tbiclmess of the sensitive 
layer and the appreciable size of the grains 
which become developable as a whole when 
affected by light, it is doubtful whether so 
small a tolerance is necessary under ordinary 
conditions. The wave-length theory is, how- 
ever, undoubtedly applicable in considering 
to what extent accuracy in focussing has 


any meaning. Taking, as before, the case of 
a lens focussed on a distant object, it would 
be expected that under the best conditions 
imperfection in focussing would begin to bo 
visible when the image plane was out of focus 
by about ‘001 in., and for other stops the 
distance would increase as the square of the 
/ number, and so be proportional to the correct 
exposure. Thus, with an aperture of //8 the 
focussing depth in the present sense would bo 
three times that for //4-6. 

§ (6) Tilted and Deobntbred Use of Lens. 
— It is evident from the foregoing discussion 
that when it is desired to record in good focus 
two objects in different parts of a view which 
are at very unequal distances from the Ions, 
the latter must either be used with a small 
aperture, or alternatively the Ions must bo 
used with its axis inclined to the normal to 
the surface on which the record is to be made, 
so that both objects lie approximately in 
the plane conjugate to this surface. Under 
these circumstances the plane containing tho 
sensitive layer and that in which the objocts 
are situated will he inclined to one another, 
and it is of importance to bo able to make 
the necessary adjustment with facility. This 
is almost iavariably carried out by swinging 
the back of the camera, with which the 
sensitive surface moves, relatively to the lens 
axis, which is pointed as usual to the centre 
of the view it is intended to include. Tho 
proper adjustment is indicated by a oollinoar 
theory of imagery. Since the object plane is 
not normal to the lens axis it will meet the 
first unit plane of the lens in a certain lino, 
and hence the image plane must meet tho 
second unit plane in a corresponding lino. 
With almost all lenses tho unit planes are 
very slightly separated from one another, and 
lie between the extreme components of tho 
system. It is sufficiently accurate for tho 
purpose of adjusting the camera back to 
assume that there is a common unit surface 
which bisects tho lens mount. By considering 
whore this plane is mot by tho plane it is 
intended to have in sharp focus, and directing 
the image plane through this lino the correct 
approximate adjustment is easily made, and 
if necessary a final correction can be made 
after the image has been examined. The 
principle followed is illustrated in the accom- 
panying figure {Fig, 5), whore VQAP is tho 
object plane meeting the common unit sxirfaco 
VC in V, and Vpog' is tho image piano. 

Obviously from this figure the view will not 
appear correct in the final picture nnloas it 
is seen from one side, or, if tho object and 
image planes were inclined to tho vertical, 
from above or below. In certain oases this 
effect is very objectionable, and in particular 
it must be avoided in architectural subjects 
where the use of a lens with its axis inclined 
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to the horizontal causes vertical lines in the 
object to appear to converge in the image. 
The simplest method of dealing with such 



subjects when, as frequently happens, the 
desired view cannot bo obtained with the axis 
of the lens intersecting the centre of the 
sensitive surface is to deoenter the lens with 
respect to this surface, so that, for instance, in 
taking a view of a tall building from the ground 
the lens axis may be several inches above its 
normal position. The parallelism of vertical 
lines is thus preserved in the picture and the 
whole face of the building is kept in satis- 
factory focus if the image plane is kept vertical. 
This method, in extreme oases, is, however, 
unsatisfactory on account of the poor quality 
of definition in the image in parts remote 
from the lens axis, and also on account of the 
extreme difference thus introduced in the 
effective exposures for different parts of the 
imago. In these extreme oases it becomes 
necessary to use the lens in an inclined position, 
and to rectify the convorgonoo of vortical lines 
by re -photographing tho original record. 

Referring again to tho figure, which shows 
a section in tho piano containing the axis and 
tho projc<5tion of tho axis on the object plane, 
lot (1?^ bo a line, parallel to the object plane 
PCiV, through C, tho axial point of the common 
unit plan(^s ( JV, mooting the imago plane Ypq 
in V. Then v is tho vanishing point in the 
record for the converging linos corresponding 
to the paralh'l vertical linens of the object. In 
cojjying this record so to correct this converg- 
ence it is evidently only nocicssary to ensure 
tho parallelism of the line of greatest slope 
of the now imago plane to ()?? when pq is 
treated as the object. In order, however, 
to obtain a correct relation between horizontal 
and vert/ioal distances in th(^ final picture, tho 
axis of tho lens in this second operation must 
int.ei’H(^ct the first record now serving as an 
object in the same i)()int a as did the axis 
of tho lens wlum tho rectord was made. If tho 
final ro(H)rd is to bo incroasod in scale to m 


times that of the first record, the unit plane 
in the principal section must be made to meet 
the record in V where Yv^m .va. If now a 
circle is described on Va as diameter the axial 
point of the unit plane C must lie on the 
circumference, thus making VCa a right angle. 
It is evident from this construction that the 
only limitation which must be imposed on 
the lens used for the second operation is that 
its focal length shall not exceed JVa or 
where m is considered positive. 
The original lens is, in such a case as has been 
considered, suitable for the purpose, but one 
of shorter focal length is frequently more 
convenient in order to reduce the axial separa- 
tion between the object and image planes, 

§ (7) The Possible Defects of Photo- 
graphic Lenses. — The matters that have 
been discussed hitherto relate to the correct use 
of a lens, and apply to all lenses alike, whether 
they are well or less well corrected for aberra- 
tions. The defects now to be considered 
depend upon the design of the lens, and are 
not under the control of the user. 

(i.) Filming . — A defect which is not likely 
to be present in a new lens, but may develop 
in the course of time, is the filming of one or 
more of the glass surfaces. This is particularly 
likely to occur with extreme barium crown 
lenses of the types used in anastigmat lenses. 
When this filming is slight it is innocuous, 
hut in some cases it causes the lens to appear 
of a decidedly brown tinge when examined 
by transmitted light, while iridescent colours 
may be seen by reflected light. In these more 
extreme examples the rapidity of the lens is 
seriously affected, and it is necessary to have 
the lens surfaces re-polished. It is needless 
to say that this should only be done by the 
maker of the lens. 

Somewhat similar colours may be seen by 
reflected light when two surfaces which are 
supposed to be cemented together have become 
partially or entirely uncemented. The most 
probable cause of this defect is a fall or 
violent shaking. In these cases also the 
lens ought to be returned to the maker for 
correction. 

(ii.) Mounting Defects . — A lens that has been 
performing satisfactorily may be found un- 
satisfactory after cleaning or re-mounting. 
This is frequently experienced after a lens 
formerly carried in the maker’s mount has 
been fitted into a between-lens shutter. The 
cause may be a scratch on the lens surface, 
which scatters light in all directions within 
tho camera ; strain due to screwing up a lens 
too tightly in its cell ; changes in the separa- 
tions of components either through a lens 
being loose in its cell or to incorrect adjust- 
ment of the now mount ; the insertion of a 
particular component tho wrong way round, 
or to interchange of front and hack com- 
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ponents ; or to inexact adjustment of the 
axes of the various components into coincid- 
ence, The accuracy necessary in some of 
these adjustments is very often not realised, 
and particular care to see that all is in order 
is essential after any disturbance of the 
lenses from their original position. Even 
when all the parts are in relatively correct 
positions the optical axis may he found 
appreciably inclined to the mechanical axis 
of the screw by which the mount is attached 
to the camera front. The figures already 
given on the accuracy desirable in focussing 
indicate the great nicety to which these two 
axes ought to be brought into parallelism if 
satisfactory records are to be obtained. 

(iii.) Faults of the Olass . — Defects of a differ- 
ent class are faults in the glass of which 
the lenses are made. Bubbles are practically 
unavoidable in some of the new types of glass 
which are always used in anastigmatic con- 
structions, but they should not be too numer- 
ous or too large. On these conditions they 
are practically harmless, their chief effect 
being the stoppage of a small amount of light. 
More serious are veins and striae. These 
can only be seen under special conditions of 
illumination if they ai;e slight. The simplest 
arrangement is to point the lens at a small 
source of light, and place the pupil of the eye 
at the image of the source formed by the lens. 
The defects will then become apparent as 
lines where the illumination is not uniform. 
Lenses showing such defects cannot be made 
satisfactory, and should not be accepted as 
good instruments. In the physical laboratory 
lenses or prisms showing those defects can 
usually be discovered, and are interesting 
subjects for experiments with the aid of an 
interferometer and in other directions. 

(iv.) Defects of Design . — The remaining 
defects of importance depend upon the design 
of a lens. It has already been mentioned that 
light is reflected and scattered whenever a re- 
fraction from glass to air or vice versa takes 
place. For this reason, other things being 
equal, the design with the smallest number of 
such refractions is to be preferred. Another 
defect which may be coupled with this is the 
liability of a lens to show flare images. These 
images are images of the lens aperture formed 
by light that has been reflected twice at glass 
to air surfaces. As a rule these images will 
not be situated near the image of the object to 
be recorded, but in certain designs one or more 
of these images may occupy a position where 
it is clearly seen in the record. A lens having 
this defect is quite unsuited for photography 
under certain conditions of lighting. It is 
well known that one of the best known makers 
of photographic lenses was compelled to 
withdraw an otherwise eminently satisfactory 
lens from the market shortly after its intro- 


duction, owing to its marked failure in this 
respect. 

§ (8) Aberrations.^ — The remaining regular 
defects to which lenses are subject are of the 
character known to the optician as aberrations, 
and it is to the removal of these defects by 
the use of suitable materials and by the 
selection of suitable forms for the component 
lenses that the designer principally directs 
his attention. 

(i.) Chromatic Aberrations . — The simplest of 
these defects are those known as chromatic 
aberrations ; the images of the object formed 
by light of different wave-lengths differ in 
size and also occupy difCorcnt planes. For 
any object position there are thus two primary 
defects to remedy, and if images at Afferent 
distances from the lens are to bo corrected 
three conditions must be satisfied. The 
crudest lenses fitted to some of the very small 
cameras are not corrected for these defects, 
advantage being taken of the very small* size 
of the lens aperture which renders the fault 
less obtrusive in the picture. In all cases 
where a non-achromatic lens is used a visual 
examination of the image shows it to bo out 
of focus, an improved appearance resulting 
from an increased separation between the 
lens and the imago plane. This difference is 
due to the fact that the sensitive materials 
used to secure a photographic record are most 
sensible to light of a shorter wave-length than 
that to which the eye attaches chief weight, 
and the actinic or photographically active 
image is thus nearer to the Ions than the 
visible image. The difference is of the order 
of 2 per cent of the focal length of the lens. 

In more pretentious lenses this difference 
in the position of the image planes is always 
removed by using combinations of positive 
and negative lenses in which the negative 
lenses are constructed from glass having a 
greater dispersive power than that used for 
the positive lenses. The three chromatic 
conditions reduce to one when two thin lenses, 
one positive and one negative, are used in 
contact with one another. When the system 
consists of well -separated lenses, or of lenses 
of considerable thickness, attention has to 
be paid to the three conditions independently 
of one another, but as a rule it will not bo 
found that the theoretical conditions are 
exactly satisfied, the designer finding it more 
convenient to reduce the defects to a point 
at which they cease to become evident than 
to eliminate them completely. In one im- 
portant case the three conditions reduce to 
two through two of thorn assuming an identical 
form. This is when the complete system 
consists of two similar components whether 

^ For a fuller account of the aberrations of an 
optical system see “Optic^al (lahnilations,” § (7), etc. 
See also “ Microscope, Optics of the," § (5), otc. 
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of eq^iial or uneq[ual focal length. This is a 
simple case where the principle of symmetry 
applies, a principle of which great use is made 
in connection with other aberrations. It will 
be considered in more detail later. 

It should be evident that little importance 
attaches to equality in the sizes of images of 
different colours when they occupy different 
pianos. Accordingly, the chief attention should 
be given to the positions in which the images 
of various wave-lengths are formed, and if 
some latitude is necessary it may be given in 
a slight variation of magnification with the 
wave-length. Owing to the properties of the 
transparent materials available for the con- 
struction of lenses it will, as a rule, only be 
possible to secure exact agreement of focussing 
plane for two wave-lengths. The two regions 
it has been found most satisfactory to bring 
into agreement are the neighbourhood of the 
D linos of sodium and the G' line of hydi*ogen, 
the former being not far from the dominant 
wave-length for visual observation, and the 
latter near the wavo-longth to which the 
photographic emulsions are most sensitive. 
This method of correcting enables a view to 
bo correctly focussed for photographic re- 
cording by visual examination of the image. 

(ii.) Spherical Aberrations .^ — The remaining 
defects are of the type known to the optician 
as tho spherical errors. The amount of these 
will also depend on tho wave-length. They 
should usually bo corrected for a wave-length 
in tho neighbourhood of G'' rather than for I). 
If this is done the photographic record will 
I)rcsont a better appearance than the visible 
imago, and it may bo a matter of importance 
to oonoontrato attention almost entirely on the 
portion of tho imago in tho neighbourhood 
of tho lens axis when judging the best position 
of focus visually. If tho correction were 
made in tho alternative way tho visible image 
would appear very pleasing and tho photo- 
graphic record distinctly disappointing. In 
lenses for special purposes this consideration 
may not apply. 

(a) Distrjrtion. — In consequence of tho 
spherical errors the imago of a point in tho 
object formed by light of a given wave-length 
will not on a ray theory bo a point, or in one 
case its position, if a point, will bo displaced 
from that which it should occupy wore the 
imago an exact projection of tho object. This 
particular defect is known as distortion, and 
tho displacement is necessarily directly to- 
wards or away from tho point in which tho 
imago plane is met by tho lens axis. Tho 
(lisplacomont may be represented mathe- 
matically by a series of odd powers of tho 
distance tho point would be from the axis 

' Por a (llHcuiasion of the exproasions given below 
for tlui various aberrations see “ bens Systems, 
Abermtions of." 


were the defect absent. Thus, if y, » be the 
co-ordinates of a point in the image plane and 
we take the axis of 2/ parallel to the direction 
in question, so that y represents that distance, 

S2/=cn2/®+ct22/® + “82/^+ • • •> Sz=0, 

The coefficients %, a^, , may be used as 

measures of the extent to which the defect 
is present, and are named the coefficients of 
distortion of the first, second, third . . . 
orders. If the defect is serious it becomes 
obvious that lines in the image which corre- 
spond to straight lines in the object are 
appreciably curved. This want of straight- 
ness, as the above equation shows, gradually 
makes its appearance as the shortest distance 
between the line and the point of the image 
plane on. the lens axis increases. 

(6) Spherical Aberration . — Another aberra- 
tion of a very simple kind is central spherical 
aberration, the “ central ” referring to the 
distinctive property that, though equally 
present in other parts of the field of view, it is 
only aberrations of this group which appear in 
images on the axis itself. This aberration 
consists essentially in the rays from narrow 
zones of the aperture, bounded by nearly equal 
circles centered on the axis, coming to foci 
on the axis which vary gradually from one 
zone to another. The rays which in an ideal 
lens should pass through a single point of the 
axis, in a lens suffering from this defect, will 
touch a caustic surface which has two branches, 
one being a surface of revolution about the 
axis and tho other a length of the axis itself. 
If 7;, f are the co-ordinates of the point in 
which the ray meets the stop, the intersection 
of the ray with the image plane will be dis- 
placed from its ideal position given by y, 2, 
by a distance whose rectangular co-ordinates 
5 y, 8z satisfy 

^ = ??=V“ + J>,r* + 5 sr«+ . . . 

ri s 

where As before, 61, 63 . • • 

aro aberration coefficients of the first, second, 
third . . . orders. In telescope objectives, 
the removal of this aberration is of outstanding 
importance, but it is common to find appreci- 
able amounts of central spherical aberration 
present in good photographic lenses, the 
reason being that up to a certain point this 
defect is loss harmful than some other aberra- 
tions which cannot in the particular design 
ho removed simultaneously with this central 
aberration. . 

(c) Curvature and Comatic Aberrations.^Sa- 
tween tho two simple aberrations considered 
in (a) and (6), there lie a series of others whose 
number and character depends upon tho order 
of tho aberration. Several of these have 
received names suggested by tho shape of their 
trace in the imago plane or by some other 
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outstanding character. A very rough classi- 
fication, based only on the aberrations of the 
first order, has been found sufficiently inclusive 
to group these under for testing purposes, and 
will serve for the present discussion. The loose • 
character of the classification must, however, be 
home in mind, as confusion may otherwise be 
caused when a more exact division is called for. 

Under this grouping the remaining defects 
are classed as curvature errors or as comatic 
errors, the former class containing those 
members which tend to produce a symmetrical 
deviation . from the ideal image point, the 
latter to those in which the departure tends 
to be unsymmetrical. Comparing this division 
with the two spherical aberrations already 
considered, central spherical aberration is 
evidently symmetrical in character, for 
corresponding to any displacement dy^ dz in 
a ray from a given object point we obtain the 
complementary displacement -5i/, -Sz by 
selecting the ray which meets the stop in 
- 97, - f instead of 97, On the other hand, 
distortion is an unsymmetrical aberration, 
since dy has a definite sign for all rays from a 
given object point. The characteristic feature 
of these aberrations in mathematical language 
is that the symmetrical aberrations may be 
represented by terms which contain odd 
functions of 9; and f, and oven functions of 
y and z, while with the unsymmetrical aberra- 
tions the reverse is the case. Taking the first 
order aberrations, from which the classification 
is derived, it may bo shown that the defect 
known as coma involves displacements of the 
ray intersections given by 

cy 

=r^'2-i-oos 20), 

— ’ sin 20, 

cy 

where 97 =r cos 0 , sin 0 , 

and c is a constant, showing that the rays 
which pass through a narrow circular zone of 
the aperture intersect the image in a circle, 
the radius of which is proportional to the 
square of the radius of the zone. The circle 
has the property that light from any one half 
of the annulus in the stop plane is distributed 
over the whole circle ; it is thus formed twice 
over by the light from the complete annulus. 
The aberration is most likely to be detected in 
photographic prints by a fuzzy edge to one side 
of a narrow object, such as a pole, which stands 
out strongly against its background, while the 
other edge appears much sharper. The removal 
of this aberration is particularly important 
in photographic lenses on account of the 
large field of view involved, to which this 
particular aberration is proportional. 

The remaining first order aberrations relate 


to departures of tho image surface from the 
plane. Two independent constants e, e' occur, 
so that two aberrations are present, tho 
formulae for the displacements being 

^=■ 5 ( 36+0 

and ^^ = f(e+e'). 

y 

It can be shown from these expressions 
that for points on a sphere of curvature 
proportional to (3e+e') having its vertex in 
contact with the piano in which the image has 
been assumed to lie 5?/ will assume zero value, 
and that similarly dz will vanish for points on 
a sphere whose curvature is proportional to 
(e-f-e'). These spheres are obviously the loci 
of the focal lines of the pencils which form the 
image. The aberration corresponding to e 
is called astigmatism, since, if e is finite, the 
two spheres are distinct, so that no point 
image exists. The other aberration denoted 
by e' is called the curvature, since this is the 
curvature the image surface would have if 
point images existed in tho outer parts of the 
field of view. The form of the expression 
shows that it is only wlion e vanishes that the 
curvature can bo represented by tho possible 
range in other cases lying definitely to one 
side or other of this value, according to the 
likeness or unlikenoss of tho signs of e and e'. 

The removal of aberrations of this type was 
for long an obstacle in the way of improvements 
of i>hotographio lenses, and was not realised 
until the introduction of novel typos of glass 
had resulted from tho work of Abbe and 
Schott at Jona. These now glasses were 
of particular importance in enabling c' to bo 
controlled in value. Together with this im- 
provemeut it is necessary, if e is to receive a 
satisfactory value, for the optical system to 
contain lenses appreciably separated from one 
another. 

(iii.) Ah&rraiiom in General — In closing this 
very brief description of tho aberrations to 
which lenses are subject, it is necessary to 
point out that tho values of the constants by 
which the defects are measured are dependent 
on the position of the object. It follows that 
a lens which is oorreotod for an object in one 
position will not give so good an image when 
the object is considerably displaced. The 
magnitude of the defects depends largely on 
the size of the lens aperture, so that a Ions of 
large aperture is necessarily less suitable for 
general work than one in which tho aperture 
is smaller. In particular, if a lens corrected 
for an object at infinity is reversed and still 
used for a distant object tho imago will not bo 
satisfactory unless the aj)orture is loss than a 
definite value. An indication of this value is 
afforded by the largest aperture for which 
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symmetrical objectives are offered for the 
photography of distant scenes. The advantage 
to a manufacturer of the symmetrical con- 
struction is sufficiently great to ensure his 
utilising it as far as it can be satisfactory. A 
lens of this type cannot possibly be thoroughly 
corrected except for the reproduction of 
objects on full scale. Actually, such lenses 
are made for general work up to apertures of 
//5*6. This affords a direct means of finding 
the standard of accuracy which manufacturers 
find necessary in their objectives. 

It must further be remembered that these 
first order effects are modified in the parts 
of the field of view more remote from the axis 
by the presence of aberrations of higher orders. 
These may tend in many instances to reduce 
the evil effects of the aberration of lower 
orders ; for instance, the surfaces containing 
the focal lines may be caused to depart from 
the spherical form and made to approach the 
ideal imago plane again. This condition is 
fulfilled in several modem objectives, the two 
focal surfaces crossing in or close to this plane 
near the edge of the useful field of view. 
Strictly speaking, this is the condition which 
is held to justify the application of the term 
“ anastigmat ” to a lens, though, on the one 
hand, this usage is far more free than mathe- 
matical conceptions warrant, and, on the 
other hand, the term is also applied by their 
makers to lenses which do not even attain 
this limited degree of stigmatism. 

The actual appearance of the image in any 
lens depends upon the combined effect of all 
the aberrations which are present, and is also 
modified by the finite wave-length of the light 
forming the image. The classification of the 
defects into a number of separate aberrations 
is entirely artificial, its justification being the 
convenience of dealing with the defects in the 
manner described. 

§ (9) Tyx’es oip Lenses. — The most varied 
forms have boon proposed and used for photo- 
graphic lenses, and it is impossible here to 
attempt any detailed historical treatment 
of the subject. Much interesting matter will 
be found in the writings of von Rohr^ and 
Gloichen,® which should bo consulted by all 
who desire fuller information. A broad division 
of the forms in use at the present day may be 
drawn between the symmetrical and the un- 
symmetrioal classes. The former group may 
be subdivided into 

(а) Fully symmetrical ; 

(б) Hemi-symmotrioal ; 

(c) Quasi-symmotrical ; 

and in each of these subdivisions there may be 
anastigmatic or astigmatic types, combina- 

^ Theorie md OeachicTUe dea j)hotoffraj)hiac?ien 
OMektiva. 

* The Theory of Modern Optical Inatrumenta, trans. 
by Emaloy and Swaino. 


tions built upon cemented or uncemented 
components, or on still more complex forms. 

The unsymmetrical forms may be built 
from 1, 2, 3, 4, or 5 components, some or all of 
which may themselves be compound lenses. 
The cases of most importance are 

(а) The single lens ; 

(б) The double lens ; 

(c) The telephoto lens, a special case of the 

double lens ; 

(d) The triple lens. 

As practically all lenses of the symmetiical 
type are obtained by combining together two 
systems which are themselves unsymmetrical 
lenses of classes {a) or (c), it appears the 
simplest course to consider the unsymmetrical 
forms first. 

. § (10) Unsymmetkical Types, (i.) The 
Single Lens . — This form of lens may be con- 
structed from one or several pieces of glass 
cemented together. All lenses of this type 
are used with an aperture stop some distance 
in front of them, and are meniscus in external 
form, i:)resenting their concave surfaces to 
the incident light. This arrangement is 
adopted to secure a pseudo -flattening of the 
image by selecting for different parts of the 
field of view pencils which have been refracted 
through different regions of the lens. The 
device is only effective when either central 
spherical aberration or coma or both are 
present in the image. The stop must not 
under these circumstances be Iftrge, and as this 
method of disguising curvature of the field 
necessarily introduces distortion, systems of 
this kind cannot be used on large fields con- 
taining numerous straight lines which do not 
lie near the lens axis. It is readily seen from 
the diagrams (Figs. 6 and 7) that the presence 



y I 

Eig. 0.-— Curvature Correction in the Presence of 
Over-corroctccl {Spherical Aberration. 


of coma is of greater assistance than spherical 
aberration, and that when either is present 
alone the coma should bo undor-oorrectod and 
the spherical aberration ovcr-corrooted. The 
sign required for the outstanding coma 
accounts for the use of a lens strongly concave 
to the incident light. 

In some of the more complex modem forms 
a ruling factor in the design is the presence of 
at least two cemented surfaces at which the 
angles of incidence may be large in comparison 
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with those at other surfaces, one of those two 
being of positive power and the other of 
negative power, the system further containing 



at least one lens of barium crown glass which 
combines a high refractive index with small 
dispersion. Por a fuller account of such 
lenses reference may be made to the treatise 
by von Rohr, already mentioned, or to 
Lummer’s Photogrcuphic O^ptica, translated by 
Thompson. The earliest lenses used in photo- 
graphy appear to have been single lenses of 
one glass of the form devised by Wollaston. 
The earliest achromatic lenses were of the 
ordinary telescope form with a double convex 
crown lens, but at the present time a form 
with both crowti and flint of meniscus shape, 
and with the crown lens nearer the stop, is 
invariably used, as it yields more satisfactory 
images over an extended field. 

(ii.) System composed of Two Dissimilar 
Lenses . — Such lenses when separated by an 
appreciable distance comprise one of the most 
important classes of objective. By far the 
most celebrated design which has yet been 
evolved, the Retzval portrait lens (Pig. 8), 



belongs to this group. This lens was produced 
in the very early days of photography, when 
the need for great rapidity was acute on account 
of the slowness of the sensitive materials at 
that time available, and in many respects 
it has hardly been surpassed by any later 
designs. In either its original form or in the 
modification introduced by Dallmeyer (Fig. 9) 
it is extensively used as a cinematograph pro- 
jection lens at the present day, the relative 
aperture varying from //3-5 to about //2. 


Those lenses arc, of course, made with the old 
silicate glasHCs. 

The ft)rni of T^otzval’s objoctivo generally 
corresponds to that which w'ould bo indicated 
by basing the design on tho conditions for the 



removal of first order aberrations os far as 
this is j)OHHiblo with the glasses available. As 
any actual design involves a balance between 
aberrations of difloront orders which cannot 
bo offoctod simultaneously, the results given 
by tho oxi)roHHions for these first order aberra- 
tions are subject to considerable modification 
in tho evolution of tho final system. 

Tho other members of this class which re- 
quire si) 0 (*.ial mention are anastiginatio lenses, 
and so utilise barium crown glasses. They are 
generally composed of an achromatic com- 
bination of tho older typos of glass, which is 
ovor-corroctod for central spherical aberration, 
on one side of a ocmtral stoj), and an achro- 
matic combination of a light flint with a donso 
barium crown, which is necessarily undor- 
correctod for central spherical aberration if 
the surfaces are spherical, on the other side 
of tho stop. Both components are moniscus 
in external form, and present thoir concave 
sides to tho stop, the ordinary achromat 
being of tho form usual in single lenses but 
being placo(l before tho stop, tho other lenses 
resembling in 8haf>o tho ordinary telescope 
objective with its flint o()mj)onont next to the 
stop. Under those conditions tho cemented 
surface of tho front component is of negative 
power and that of tho baede component of 
positive power. Tho need for 
presenting the concuive sides of / ^ 
both components to tho stop / / / 
arises from the conditions for I 
tho removal of (joma and dis- \ V \ 

tortion. Among tho best kno^nx \ ^ 

lenses of this cslass are tho 10 

Protars of Messrs. Zeiss (Fig. 

10). The Aldls lens, whioli in form is a double 
objective, is most siTnj)ly regarded as a special 
case of a triple objective. 

(iii.) TJie Telephoto Objective . — This form, as 
a self-corrooted lens in which the components 
stand in a fixed relation to one another, is 
of comparatively recent development. The 
essential feature is that a positive lens is 
followed at a considerable distance by a 
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negative lens, which, increases the focal length 
of the system without extending the separa- 
tion between the front lens and the image in 
the same proportion. Such a combination of 
a positive and a negative lens, each corrected 
for colour, lends itself very readily to the 
construction of an anastigmatically corrected 
system Among these systems the large 
aperture telephoto lens 
™ (Fig. 11) made by 
|[] Messrs. Taylor, Taylor 
m\ & Hobson may be 
mentioned. 

Tig. 11. Although telephoto 

lenses made of two 
single glasses are not employed as an un- 
symmetrical objective, such systems require 
mention, as they provide the basis of many 
sj^mmctrical objectives. In particular, the 
Gaussian form of telescope objective is used 
in more than one of these more oomi)lex 



(iv.) Lenses with Three Components . — ^Among 
the early attempts to improve photographic 
objectives systems consisting of three separated 
components are of frequent occurrence, the 
external components being of positive power 
and the central one of negative power. In 
most instances each component was achro- 
matised independently. None of these lenses 
survive to-day, and their present interest is 
chiefly due to the claim they may have to be 
considered as forerunners of the 
Cooke lens (Fig. 12), designed 
by Mr. H, Dennis Taylor of 
Messrs, T. Cooke & Sons, and 
made by Messrs. Taylor, Taylor 
& Hobson. When account is 
Ifia, 12. taken of the largo number of 
conditions which have to bo 
satisfied and the simplicity <if the means 
adopted to achieve them, the design is one 
which must command general admiration. 
The oxcollonco of its actual ])orformanco is 
sufficiently attested by the reputation of the 
lens among photographers. Tlio general form 
of the Ions, as in other oases, may bo derived 
by considering aberrations of the first order 
only. 

Another well-known lens of this type which 
may be considered a slight elaboration of the 
Cooke is the Tessar (Fig. 13), produced l)y 
Messrs. Zeiss. The chief diiter- 
enco between the two lenses is 
that in the Tessar the back 
ions of the Cooke is replaced 
by a cemented doublet. In 
theory at least the additional 
degrees of freedom attained 
by the introduction of one 
more glass should enable a somewhat larger 
field of view to be covered with satisfactory 
definition by the Tessar than by the Cooke : 




whether in fact the gain, if any, actually 
achieved, justifies the complication, is de- 
batable. Some indication of the excellent 
results attainable with the Cooke design is 
provided by the extensive use of such lenses 
of large aperture and long focal length by the 
German army in the war for aeroplane photo- 
graphy. So far as is known to the writer, the 
Tessar was not used for this purpose. The 
only serious drawback to lenses of this type 
appeal's to be the rapid deterioration in the 
definition outside the field which the Ions is 
intended to cover, so that the extent to which 
the lens can be decontered is distinctly small 
compared with that possible in some of the 
double symmetrical types when a small stop 
is used. 

The Aldis lens (Fig. 14) may be regarded as a 
modified Cooke, in which the first two lenses 
are of substantial thickness 
and are cemented together. 

The reduction in the number 
of glass air surfaces w'hich 
results from this modification 
is of distinct advantage, hut 
the accompanying restriction 
in the number of variables 
at the disposal of the designer greatly increases 
the difficulty of attaining as high a standard 
of definition as with a true triple lens. These 
diffioulties have been ably met, and this lens 
appears to be as close an approach as is 
possible with spherical surfaces to the highest 
triple standard. 

Many miscellaneous types of unsymmetrioal 
lenses have been constructed by combining 
on the different sides of a central stop dis- 
similar types of double and triple lenses, 

§ (11) Symmetrical Lenses, (i.) True 
Symrnetricala . — Turning now to lenses of the 
symmetrical class, the true symmetrioals, 
obtained by combining together two exactly 
similar lenses of equal fooal length in suoh a 
manner that one occupies the position of the 
imago of the other in a piano mirror coincident 
with the central stop plane, may be considered 
first. Among the simplest of these lenses is 
one duo to Sutton, in which water is the 
refra(5ting agent, this being enclosed between 
two thin concjontricj glass heraisphorioal shells. 
1’ho use of such shells enclosing various liquids 
has been repeatedly suggested, but, though 
satisfactory jjioturos have 
boon j)ro(lucod by their 
moans, they have not come 
into use for obvious reasons. 

Glosely allied to this Ions is 
the Hyf)erg(>n of Messrs. 

<ioorz (Fig. 15), consisting 1<’ig. 15. 
of two very deep positive 
meniscus lenses of a single glass, so placed 
that the extomal surfaces very approxi- 
mately form a sphere. This lens is used 
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•with a rotating star atop to equalise the 
ihummation over the plate, and covers an 
angular field several times as great as is 
attempted with lenses of other tyi^es. For a 
long period the best lens for general purposes 
was obtained by using two achromatic meniscus 
lenses of the type described earlier to form a 
symmetrical lens. Many names were in use for 
such lenses (Fig. 16), 
though in essentials they 
differed very little from 
one another. The names 
by which they became 
best kno-vm are the 
rapid rectilinear ” and the “ aplanat,” 
the former describing the characteristic im- 
provement on the single lenses used previously, 
and the latter description being justified by 
the improved definition which enabled a 
larger relative aperture to be employed, 
though in the modem sense in which aplanatio 
is used the term is not correct.^ 

Among modem constructions of the anastig- 
matio types many are of this symmetrical 
class. The simplest elements from which 
they can be constmeted in the case of cemented 
components must contain at least three 
different glasses to yield cemented surfaces 
whose powers differ in sign. The commonest 
types have either (Fig. 17) a positive 



Fia. 17. I’m. 18. 

H -Highest index. 

M— Medium index. 

L» Lowest index. 
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double convex lens cemented between two 
negative lenses, or (Fig. 18) a double concave 
lens cemented between two positive lenses. In 
either case the refractive indexes of the glasses 
form a descending sequence on proceeding from 
the external medium towards the stop. In 
another form (Fig. 19) a positive meniscus lens 



Fiq. 19. Pig. 20. 

of low refractive index is placed between a 
double convex lens of a dense barium crown and 


1 In earlier ■writings aplanatio signifies merely 
freedom from central spherical aberration. Abbe 
introduced the meaning now generally adopted by 
imposing the additional condition that the sine 
condition must be satisfled, so that the term now 
Implies simultaneous correction for central spherical 
aberration and for coma. 


a double concave lens of a light flint, the latter 
of course being nearest the stoj). In a fourth 
form (Fig. 20) the central meniscus Ions presents 
its concave instead of its convex side to the stop, 
and all the component lenses are meniscus, 
the negative lenses occupying the extreme 
positions. Still more complex forms are found 
if more than three glasses are used, and lenses 
of this class having four and five glasses to a 
single component are mado- 
In another class of symmetrical objective 
the central lens of the third tyj)e of 
cemented component is replaced by a meniscus 
air lens (Fig. 21), each coinpt)nont thus con- 
sisting of a double convex dense barium cro'wm 
lens separated from a double concave Ions 
made from a light flint glass. In a limiting 
case this type merges into the triple Ions of 
the Cooke class. One further class in which 


Fig. 21. FIG. 22. 

an air-gap is used remains, oorresi)onding to 
a form of triple cemented component wliioh 
does not appear to have boon utilised. In 
this class the objective may bo considered 
a derivative of the Gaussian objective, 
consisting of separated positive and nega- 
tive meniscus lonsos. The best known lens 
of lihis typo is the Homooontric of Messrs. 
Ross (Fig. 22). A more complex lens con- 
struotod for reproductive work and available 
with apochromatio correction is the Planar of 
Messrs. Zeiss (Fig. 23). The cemented lens in 



Fig. 23. 


this construction is 0 ()n)p<> 8 ed of two glasses 
with different dispersions but approxiniati*ly 
equal refractive index. 

(ii.) Theoretical Consideraliorui . — It has often 
been claimed for the symmetrical construction 
that its use automatically removes distortion, 
coma, and all aberrations of the unsymmetricuil 
class, whatever the position of the object may 
be. As this question is of very groat import- 
ance it is worth inquiring ■what a<lvantagos 
a symmetrical construction does nocossarily 
secure. For this purpose it is quite un- 
necessary to consider the details of the lens 
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construction, the symmetry itself being the 
only poi*tinent factor. 

Suppose, then, that 0 [Fig, 24) is the centre of the 
stop, and thus symmetrically situated with respect to 
the two components. Any ray through C will strike 
the components in corresponding points and will be 
refracted by the separate components into exactly 
corresponding positions. The incident and emergent 
rays will thus strike similar and symmetrically 
situated surfaces in points which also correspond. 
In particular, if the intersection with the object and 
imago planes for magnification — 1 are P and P', 
the distances of these points from the axis are equal, 



H 

1 

I 


p 

p 

w 

n 




and the objective is therefore free from distortion 
for tliis particular magnification. 

Again consider two parallel rays ST' and TS' in the 
space separating the components, which meet the 
central stop plane in diametrically opposite points. 
Symmetry again shows that the incident ray corre- 
sponding to Siy is parallel to and correspondingly 
situated with the emergent ray belonging to TS', and 
vice versa. Thus the intersection E of the two 
incident rays is symmetrically situated with respect 
to the intersection R' of the emergent rays. More- 
over, the previous result shows that the ray from B 
through 0 passes through B', and the more general 
case is cosily established, that corresponding to any 
ray through R and R' another ray through the same 
two points may be found which is par^lol to the 
former ray in the stop space and moots the stop 
in the diomctrioally opposite point. These results 
are readily interpreted to moan that the Ions sym- 
metry automatically secures freedom from all 
unsymmotrical aberrations when the magnification 
is —1. It is to bo observed that there is no need 
for the various pairs of rays such as ST and TS' 
t<) bo parallel in the stop space to QQ' or to other 
pairs of rays arising from the same object point, so 
that the uncorrootod character of the half Ions is 
of no oonsoquonco. When wo proceed to consider 
conjugate pianos for a different magnification the 
arguments which have served to establish this result 
for tho magnification — 1 break down. For example, 
in tho case of distortion, freedom from this aberration 
evidently involves tho absence of aberration in the 
image of 0 in a single component. To seouro tho 
absence of all chromatio aberration tho single com- 
ponent must bring a parallel bundle of rays incident 
in tho stop space to a single focus in tho image space, 
and must also form an imago of 0 in the same place 
for tho different colours. 

When coma is considered in a similar way for a 
magnification other than —1 the rays concerned in 
the formation of tho image of a particular object point 


—16 

which intersect the stop in opposite ends of a diameter 
do not lie parallel to one another in the stop space, 
and in the absence of such symmetry conclusions 
can only be drawn when more is known of the un- 
symmetrical aberrations for the magnification ~1. 
Algebraic investigation is in this case more simple, 
and leads definitely to the conclusion that with the 
symmetrical construction the only magnifications 
for which the aberrations generally can be removed 
are -j-l and —I, the former corresponding to tho 
stop and the latter to a real image. 

With moderate sized stops the fact that a sym- 
metrical objective is free from unsymmetrioal 
aberration when copying full size may be taken to 
involve small but not zero values for the unsym- 
metrioal aberrations for objects in other positions, 
but for large apertures the conclusion is unavoidable 
that this construction is undesirable. The design 
of a symmetrical objective for copying the same or 
approximately the same size is particularly simple, 
since it reduces to the design of a half component 
which is free from symmetrical aberrations alone 
for parallel beams incident on tho surface presented 
to the stop, together with the oorreotion of the image 
of the point in which the stop meets the axis for 
colour and spherical aberration. The conditions 
to bo satisfied are thus considerably fewer in number 
than with a complete unsymmetrioal objective. 

(iii.) Hemi^eymmetrical Objectives . — These are 
formed by combining together t\^o components 
of similar design but of different focal lengths. 
The position of the stop should di^dde the 
space between the inner surfaces in proportion 
to the focal lengths of the components, and, 
as in the fully symmetrical systems, the image 
of the axial point of the stop plane should be 
free from chromatio and spherical aberrations. 
The want of symmetry which exists in the 
paths of other rays shows that we cannot in 
this case infer absence of unsymmetrioal 
aberrations for the magnification determined 
by the ratio of the focal lengths of the com- 
ponents, though when these focal lengths are 
not extremely dissimilar in magnitude con- 
siderations of continuity lead us to expect 
that aberrations of this kind will not be large. 
Lenses of this type are chiefly used as a 
variation of the fully symmetrical type to 
secure a lens of somewhat different focal 
length at the cost of half a lens, one component 
only of the fully symmetrical lens being 
replaced by another of the same design but 
of different focal length. 

(iv.) Quasi • symmetrical Systems. — It is 
evident from the preceding discussion that 
for the best results for distant objects with 
large apertures the symmetrical construction 
is unsuitable. In a number of lenses this 
difficulty is overcome by introducing slight 
differences between the two components, as 
by altering one or two curvatures and possibly 
a separation also in one component compared 
with the other. In this way the advantages 
which the symmetrical construction offers 
to a manufacturer may in part be retained, 
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and the design of the lens is also simplified, 
since each component must be given properties 
which differ in known directions from those 
which yield correct images for full-size copying. 

Such lenses may be 
called quasi - sym- 
metrical objectives, 
and among them 
may be noted the 
Celor (Fig. 26) made 
by Messrs. Goerz 
with an aperture of 
//3*6, while several 
forms of the Cooke 
lens and of its vari- 
ants may be regarded as special oases of quasi- 
symmetrical lenses. In most of these object- 
ives the outstanding feature of the modifica- 
tion is that the front portion, in comparison 
with the back, has surfaces more strongly 
convex to light proceeding from external space 
to the stop. 

T. s. 


Photographic Lenses for Telescopes. See 
“ Telescope,” § (9). 

Photographic Method of Spectrophoto- 
metry : a method of great value in the 
ultra-violet part of the spectrum. See 
“ Spectrophotometry,” § (17). 

Photographic Reprodtjotion op Graticules. 
See “ Graticules.” 

Photographic Surveying. See “ Surveying 
and Surveying Instruments,” § (9) (vii.). 

Photometric Methods of Temperature 
Determination. See ” Photometry and 
Illumination,” § (112). 


PHOTOMETRY AND ILLUMINATION 

I. General Principles and Definitions 

§ (1) General. — Photometry is that branch of 
applied physics which deals with the quantita- 
tive comparison of light sources and their evalu- 
ation in terms of some agreed standard. It 
will be seen from Part III. on “ Photometric 
Methods ” that this comparison or evaluation 
is always achieved by means of a comparison 
of the brightnesses of surfaces illuminated by 
the sources, and this comparison has always 
to be made by the human eye. There is 
therefore a natural limit to the accuracy with 
which two sources of light can be compared, 
viz. the limit beyond which the human eye is 
incapable of perceiving differences of bright- 
ness. This limit varies with the absolute 
value of the brightnesses compared, any 
difference that may exist between their 
spectral distribution, the state of the eye, 
and other factors which are discussed else- 
where (see article on ‘*The Eye as an Optical 
Instrument ”). 


In photometry there is always an ordered 
sequence of phenomena each of which has to 
be separately considered. Some object, called 
a “luminous source,” emits radiation which 
is capable of affecting the retina of the human 
eye and thereby producing the sensation of 
light. This radiation, or some portion of it, 
reaches a given surface and thereby “ illumin- 
ates ” it ; the surface reflects some portion 
of the radiation it receives and then is said to 
have a certain “ brightness.” 

The consideration of this sequence loads to a 
system of definitions of photometric terms. 
These may be based on the luminous power of 
the source as the primary conception,^ or 
alternatively, the rate of flow of radiation (i.e. 
luminous flux) may be regarded as funda- 
mental, all other phenomena, including the 
source, being referred to this as the primary 
conception.® 

§ (2) Definitions. — The following defini- 
tions of the more important photometric 
quantities may be given. Those marked with 
an asterisk (*) were adopted by the Inter- 
national Commission on Illumination in 1921. 

*(i) Lumimus Flux. — It is the rate of 
passage of radiant energy evaluated by refer- 
ence to the luminous sensation produced by it. 

Although luminous flux should be regarded 
strictly as the rate of passage of radiant 
energy, as just defined, it can, nevertheless, 
be accepted as an entity, for the purposes of 
practical photometry, since the velocity may 
be regarded as being constant under those 
conditions. 

It is measured by the quantity of luminous 
energy falling per second on a surface of unit 
area placed at right angles to the flow. 

* (ii) TM Unit of Luminous Flwc is the 
Lumen. It is equal to the flux omitted in a 
unit solid angle by a uniform i)oint source of 
one international candle. 

(iii.) A Luminous Source or source of light, 
is one which emits luminous flux. 

* (iv.) ThiS Luminous Intensity (candU” 
power) of a point source in any direction is the 
luminous flux per unit solid angle omitted by 
that source in that direction.. (The flux 
emanating from a source whoso dimensions 
are negligible in comparison with the distance 
from which it is observed may bo considered 
as coming from a point.) 

* (v.) ThA Unit of Luminous Intensity 
(candte-power) is the international candle, such 
as resulted from agreements effected between 
the three National Standardising Laboratories 
of France, Great Britain, and the United 
States, in 1909. 

^ A. P. Trotter, lUum. Eng., London, 1014, vii. 
339. 

“ ‘‘Report of the Committee on Nomenclature 
and Standards of the Illuminatinj? Enginoering 
Society,” Am. Ilium. Eng. Soc. Trans., 1917, xii. 
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This unit has been maintained since then hy 
means of incandescent electric lamps in these 
laboratories which continue to be entrusted 
with its maintenance. 

These laboratories are ; the Laboratoire 
Central d’filectricit6 in Paris, the National 
Physical Laboratory in Teddington, and the 
Bureau of Standards in Washington. 

Tho International Candle is thus an arbitrary 
standard in terms of whioh luminous intensity is 
measured. 

* (vi.) TM Illumination at a point of a 
surface is the surface-density of the luminous 
flux at that point or the quotient of the flux 
by the area of the surface, when the latter is 
uniformly illuminated. 

* (vii.) The Practical Unit of Illumination is 
the Lux. It is the illumination of a surface 
one square metre in area receiving a uniformly 
distributed flux of one lumen, or the iUumma- 
tion produced at the surface of a sphere having 
a radius of one metre by a uiform point 
source of one international candle situated at 
its centre. 

In view of certain recognised usages, illumina- 
tion may also be expressed in terms of the 
following units : 

Taking tho centimetre as the unit of length, 
the unit of illumination is the lumen per square 
centimetre ; it is known as the Phot. Taking 
the foot as the unit of length, the unit of 
illumination is the lumen per square foot ; it 
is known as “ Foot-oandle.” 

1 foot-candle ” = 10*764 lux 

1*0764 milliphot. 

(viii.) The Brightness of a luminous surface 
in a given direction is the candle-power per 
unit projected area of the surface in that 
direction. It is expressed in candles per square 
millimetre or per square motre.^ 

N.B, — Confusion has boon caused in the past by 
tho uHo of tho illumination unit “ foot-candlo ” or its 
modiAcation “ equivalent foot-caudle ” to express 
brightness. Brightness should i)reforably bo ex- 
pressed in terms of candlcjs jjer unit area. 

(ix.) The Mean Horizontal Candle-power of 
a lamp is the average candle-power in the 
horizontal plane passing through the luminous 
centre of the lamp. 

It is here assumed that the lamp (or other 
light source) is mounted in the usual manner, 
or, as in the case of an incandescent lamp, 
with its axis of symmetry vertical. 

(x.) T/ie Average Candle-power of a lamp is 
the average value of the candle-power measured 
in all directions in space. It is numerically 
equal to the total luminous flux emitted by tho 
lamp in lumens divided by 47r. This has been 
generally termed the “ mean spherical candle- 
power,” and similarly the term “mean hemi- 

^ Normal hrightnoas is the brightness of a surface 
when viewed in the direction of its normal. 


spherical candle-power ” of a lamp (upper or 
lower) has been used for the average candle- 
power of a lamp in the hemisphere considered- 
It is recommended that for this purpose the 
name of the hemisphere in question should be 
added to the term “average candle-power,” 
thus : “ average candle-power (upper hemi- 
sphere).” In the past the term ‘.‘Efficiency” 
has been generally used to denote the per- 
formance of a lamp in terms of the watts of 
electrical power consumed, divided by the 
luminous intensity in canffies. It is recom- 
mended that this should be called the “watts 
per candle ” of the lamp. 

§ (3) Fundamental Relation of Photo- 
metry. — From the fact of the rectilinear propa- 
gation of luminous radiation it at once follows 
that, vrith a uniform point source : [a) the flux 
incident per unit area, on a very small surface 
normal to the direction of the light, varies as 
the inverse square of the distance of the 
surface from the source; and (b) the flux 
incident per unit area, on a very small surface 
at a given distance from the source, varies as 
the cosine of the angle between the normal 
to the surface and the direction of the light. 
Thus, if the distance between a surface and a 
luminous source so greatly exceeds the dimen- 
sions of both that these may be neglected by 
comparison, the illumination E of the surface 
varies (i.) directly as the candle-power J of 
the source in the direction of the surface; 
(ii.) inversely as the square of the distance of 
separation, d ; (iii.) directly as the cosine of 



FiQ. 1. 


tho angle Q between the normal to the surface 
and the line joining it to the source (see Fig, 1), 
or, in symbols, 

E= J cos Bjd^. 

The second and third of these laws are known 
as the “ inverse square law ” and the ” cosine 
law ” of illumination respectively, and it is 
upon the equation just given that the whole 
of the science and practice of photometry is 
based. 

II. Bhotometbio Standards 

The standards to be dealt with in this 
article include two groups : (a) primary stand- 
ards, in terms of which the candle-powers of 
all sources are expressed; and (6) secondaiy 
standards, for practical use in everyday 
photometry. 

§ (4) Requirements of Primary Stand- 
ards. — The conditions whioh a primary 
standard should fulfil are those required of any 
physical standard, viz. ease of reproducihility 
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from specification, maintenance of value the candle-power of a luminous flame burning 
over long periods, small correction factors under specified conditions ; (ii.) incandescence 
for change of conations such as barometric standards, depending on the candle-power of 
pressure, temperature, etc. In addition to a specified area of some solid or molten material 
these, a standard of candle-power must fulfil, at a given temperature, 
as far as possible, the condition that the Of the flame standards the most important 
spectral distribution of its light shall ap- are the British standard candle, the Vernon- 
proximate to that of the light sources measured Harcourt Pentane I^amp, and the Hefner 
by comparison with it. This condition is Amyl-Acetate Lamp. 

due to the great difficulties introduced into § (6) British Standard. — (i.) The British 
photometry by difference of colour between candle was set up under the Metropolitan Gas 
the lights being compared (see §(102) ei se(?.). Act of I860 as the officiflil standard for the 



Many suggestions have been made at purpose of testing London gas. It was de- 
diflerent times for the production of a satis- scribed as a spermaceti candle weighing one- 
factory primaiy standard of candle-power, sixth of a pound, and burning at the rate of 
None of these fulfils, even approximately, all of 120 grains per hour. 

the conditions outlined above. Most are difficult (ii.) This standard has now been superseded 
to reproduce with sufficient accuracy and are for practical purposes by the pentane lamp 
greatly affected by change of exterior condi- devised by Vemon-Harcourt in 1877. This 
tions. None fulfils the condition as to spectral lamp is sho'WTi diagrammatically in 2. The 
distribution, the colour of the light being, in saturator A holds the fuel, liquid pentane, 
every case, much redder than that of the a highly inflammable and veiy volatile hydro - 
sources of light in common use to-day. carbon distilled from petroleum. This 

§ (6) Kinds of Standards. — The proposed saturator is filled to about two-thirds of its 
standards which have so far received any capacity before the lamp is lighted. The 
degree of support may he divided into two level of the liquid (observed through the 
groups ; (i.) flame standards, depending on window in the side of the saturator) is never 
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allowed to fall below one-eighth of an inch 
when the lamp is in use. The saturator is 
connected, by means of a wide india-rubber 
tube, with the burner B, which consists of a 
steatite ring pierced with 30 holes, and at 
which the issuing mixture of air and pentane 
vapour is ignited. The rate of flow of the 
mixed vapour, and therefore the height of 
the flame, can be adjusted by means of the 
stop-cooks Si and S 2 on the saturator. The 
chimney tube CO is furnished near its base 
with a mica window, upon which is marked a 
horizontal line 88 mm. above the bottom of 
the chimney. The chimney is set, by means 
of a cylindrical wooden gauge G, so that its 
lower end is exactly 47 mm. above the steatite 
ring burner. Surrounding the chimney CC is 
a concentric tube D up which a current of air 
is drawn by the heating of the chimney, and 
this heated air passes into the hollow support- 
ing pillar E and so down through F to the 
centre of the steatite ring where it is used in 
the combustion of the pentane. It is important 
that the chimney CC be brought centrally over 
the burner B, and three screws are provided 
at the base for the purpose of making this 
adjustment. H is a conical shade for protect- 
ing the flame from draught. When in use, the 
lamp is set up with the pillar E vertical, and 
the stop-cocks Sj and Sg adjusted that 

the tip of the flame just rises to a level half- 
way between the bottom of the mica window 
in CC and the cross bar. (A slight variation 
in the height of the flame, however, does not 
aflect its candle-power.) The mica window 
must, of course, be turned away from the 
photometer head, while H is turned so that 
the whole of the flame is visible from the 
photometer, except the portion at the top 
which is cut ofl by the lower part of the chimney. 
The saturator A is at first placed upon its 
bracket as far from the central column as 
possible and the lamp is loft alight for at least 
a quarter of an hour before any photometric 
measurements are made. If it is found at 
the end of this period that the flame has a 
tendency to fall in height, the saturator is 
moved slightly towards the central column. 
Tn making photometric measurements all 
distances are reckoned from the centre of the 
flame, ie. the geometric centre of the steatite 
ring. 

(iii.) The Peniane Lam.p as Standard. — 
When burnt under standard conditions of 
temperature, pressure, and humidity, the pen- 
tane lamp is recognised as having a candle- 
power of ten, international candles. For a 
more accurate and detailed specification of the 
lamp, and of the preparation of the pentane, 
the Notification of the Metropolitan Gas 
Roforoes for the year 1910, published by B.M. 
Stationery Office, should bo consulted. A copy 
of this notification, together with working 


drawings of the pentane lamp, is deposited 
at the National Physical Laboratory, and may 
be there consulted. 

The value of the candle-power of the pentane 
lamp depends on the humidity and barometric 
pressure of the atmosphere in which it is 
burning. Several determinations have been 
made of the effect of these variables on the 
candle-power of the lamp. The latest is that 
of C. C. Paterson and B. P. Budding at the 
National Physical Laboratory,^ and for the 
details of their experimeiits their original 
work should be consulted. The result they 
obtain is given, by the formula 

C.P. =10 {1 -h 0-0063(8 - e) - 0-00085(760 - b )} , 

where C.P. represents the candle-power of the 
lamp when burning in an atmosphere at a 
pressure of b mm. of mercuiy with a humidity 
of e litres of water-vapour per cubic metro 
of the moist air. The constants of the above 
equation agree exceedingly well with those 
given by Butterfield, Haldane, and Trotter,® 
but Rosa and Crittenden ® find values for the 
constants which are notably lower than those 
given above, viz. 0-00567 and 0-0006. It has 
been suggested that this difference in the 
constants may be accounted for on the 
assumption that the lamp really possesses 
a temperature coefficient, but that as humidity 
and temperature are so closely related in any 
one locality, their separate effects cannot be 
determined by the usual method of observa- 
tion. Differences in the relation between 
these two quantities at Washington and at 
Teddington might explain the observed 
differences in the humidity coefficients found 
at these two places. The values of the con- 
stants are obtained from a very large number 
of comparisons with an electric glow-lamp 
sub-standard of the same colour, observations 
being made under all available conditions of 
pressure and humidity. The most probable 
values of the constants are then found by the 
method of least squares. The value for the 
humidity correction found in 1917 by K. 
Takatsu and M. Tanaka * was 0-00638, and 
they suggest that the different value found 
in America may be duo to the use of a hood 
and ventilating duct, if the effect of this is not 
the same at all humidities. 

§ (7) The Keener Lamp. — ^The standard 
of candle-power adopted as legal in Germany 
and some other European countries is the 
lamp devised in 1884 by von Hefner Alteneck 
and shown in Fig. 3. It consists of a con- 
tainer C, made of brass, 70 mm. in diameter 
and 38 mm. high. It holds about 115 0 . 0 . 

* “ The Unit of dandle Power In White Light,** 
Phi/ft. Proc.t 1015, xxvii. 281. 

* Jouni. of Gaft-LigMing, 101 1, oxv. 88. 

® Am. Ilium. Bng. iioc.. Tram., 1910, v. 7B3. 

* Elcctro-Tochn. Laborat., Dopt. of Communica- 
tions, Tokyo, Oct. 1917, 
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of amyl acetate, a specially pure grade of 
this compound being required for photo- 
metric purposes. The liquid should always be 





emptied out of the container when the lamp 
is not in use, as otherwise corrosion is liable 
to take place even though the inside of the 
container be tinned or nickel-plated. A thin 
German silver tube T, constructed very 
accurately to the dimensions of 25 mm. in 
height, 8 mm. in internal diameter, and 0-15 mm. 
in thickness of metal, holds a wick of 15 to 
20 strands of untwisted cotton which can be 
adjusted in height by means of the screw S. 
G is a gauge consisting of a lens and ground 
glass screen with a' horizontal cross-line. The 
lens forms an inverted image of the flame on 
the screen, and by this means the tip of the 
flame can be very accurately adjusted to the 
correct height of 40 mm. above the level of 
the tube. The candle-power of the flame 
depends appreciably on its height, and one of 
the chief disadvantages of this standard is 
the fact that the flame is very lambent and 
sensitive to draught, so that in the absence of 
any chimney its use is attended 'with great 
difficulty for practical measurement. 

Ldebenthal finds that a variation of 1 mm. 
in the height of the flame causes 2*7 per cent 
change in candle-power. The gauge on the 
lamp may be raised 4 mm. to permit adjust- 
ment of the flame to a height of 44 mm., at 
which height the candle-power has been found 
to approximate very closely to the unit derived 
from the pentane lamp. 

With the Hefner, as with the pentane lamp, 
allowance has to be made for pressure and 
humidity of the air. The formula in the case 
of the Hefner lamp is 


C.P. = 1 + 0-006(8-8 - e) - 0-00011(760 - 6), 
where e and b have the same meaning as before.^ 
§ (8) The Cajioel Lamp. — The flame 
standard officially adopted in France for 


^ E. Ott. Joum. of Gas-LigMing, 1915, cxxxii. 378 
and Electrician, 1916, Ixxvi. 227. 


gas -testing is the Cancel lamp, which is a 
lamp burning colza oil with an Argand burner 
and glass chimney. The wick is continually 
supplied with oil by means of a clockwork 
pump, and the correct candle-power is ob- 
tained when the rate of oil consumption is 
42 gm. per hour. In actual use the wick 
is adjusted to give approximately this con- 
sumption, and a correction is applied for the 
departure from this theoretical value. The 
actual consumption is obtained by burning 
the lamp on a form of balance, and noting 
the time at which the lamp loses ten grammes 
in weight. The difficulties attending the use 
of this lamp are very great, and different 
observers are unable to obtain results either 
consistent among themselves or in agreement 
with one another. 

§ (9) The Violle Standari). — Of the in- 
candescence standards which have been pro- 
posed two require some description, viz. the 
Violle platinum standard, and the positive 
crater of the carbon arc. The former, which 
was proposed in 1881 by Violle, is the light 
from one square centimetre of a surface of 
molten platinum at the temperature of solidi- 
fication. The Violle standard, on account of 
its obvious theoretical advantages, has been 
regarded as a promising advance on the exist- 
ing flame standards, and unsuccessful attempts 
have been made at various times to place it 
on a satisfactory practical basis. Tho most 
recent careful work on this standard is that 
of Petavel,2 who used a semicircular bar of 
platinum heated by an electric current to 
such a temperature that tho inner core of 
the bar melted while tho outer shell remained 
solid. The second form of the standard on 
which he made measurements was an ingot 
of platinum fused in a crucible of i)uro lime 
by means of an oxy-hydrogon blow-pipe. I'ho 
metal was first completely molted and then 
heating was stopped and photometric measure- 
ments of the brightness were made at 10- 
second intervals during cooling. Tho readings 
when plotted showed a constant value over 
the region corresponding to tho time of 
solidification, and tho mean of tho observations 
at this period was taken as the value required. 
It was found that the values obtained by this 
method did not depend on tho shape or mass 
of the ingot, but that the effect of contaminating 
the platinum with either silica or oar))(>n was 
very marked. Petavol’s final conclusion was 
that tho probable variation in the light emitted 
by molten platinum under standard conditions 
was not greater than one per cent, and that 
with more experimental refinements an oven 
greater accuracy than this might bo attainable. 
It cannot be said, however, that one i)or cent 
is sufficient to bring tho Violle standard, with 
its additional disadvantage of redness of light, 
* Roy. Soc. Proo., 1899, Ixv. 481. 
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into serious competition with the existing 
standards. 

§ (10) LTTMMER-KlTKLBAmi STANDARD, — 
One other platinum standard which has been 
proposed, and may be mentioned in pass- 
ing, is that of Lummer and Kurlbaum. 
This consists of the light emitted by one 
sq. cm. of a platinum strip raised to such a 
temperature that a layer of water 2 cm. in 
thickness transmits 10 per cent of the total 
resultant radiation. This ratio is determined 
by moans of a bolometer. Although this 
standard is used at the Physikalisch-Teohnische 
Reichsanstalt for the checking of Hefner 
lamps, Potavel has found (loc. cit.) that the 
bolometer method of temperature adjustment 
is not sufficiently exact to enable this apparatus 
to fulfil the conditions of a primary standard. 

§ (11) Carbon Aro Standard.— The other 
incandescence standard, on which a con- 


siderable amount of work has been done by 
Morris, Eorrest,^ and others, is that provided 
by a square millimetre of the positive crater 
of a carbon are operating under conditions 
designed to ensure steadiness. In the Forrest 
arc (Mg, 4) two negatives are employed, each 
at an angle of about 100° with the positive. 
Under those conditions, and using carbons of 
8 mm. diameter with a total current of 7 to 
10 amperes, it was found that the brightness 
of the crater was uniform over the whole of 
its surface, and j)lK)tomotrio measuromonts 
were made of the candle-power per sq. mm. 
by inserting in front of the crater at J) a 
small diaphrjigm of ncourately known dimen- 
sions. Forrest found that the arc would work 
quite silently over a eonsiderable range of 
currents, and that the eraior briglri-ness was 
independent of the current under these con- 
ditions. The value ho obtained was 172-174 
candles per sq. mm., and more recent work 
on the same linos by Allen “ has conhrmed 
his general oonolusions and gives 170 eandlt's 
per sq. mm. as the intrinsic brightness of th(^ 
positive orator of a silent are. 

An advantage which this standard f) 0 SRc^S 8 (*s 

> JSlmtricianf 1913, Ixxi. 720 and 1007. 

* Pkys, Soc, Proo,t 1021, xxxiil. 62. 


over any other is that the colour of the light 
is bluer than that of most present-day sources, 
a dififerenoe which will diminish as the efficiency 
of practical illuminants increases. 

§ (12) Black Body Standard. — The pro- 
posal to use a definite area of a total radiator 
(black body) at some definite temperature 
has been made during recent years,® and €is 
early as 1908 Waidner and Burgess sug- 
gested the use of one sq. centimetre of a 
black body at the temperature of melting 
platinum. The chief difficulty is that, as with 
all incandescence standards, the light emitted 
varies as a high power of the temperature of 
the radiator, so that the accuracy of the 
temperature measurements needs to he at 
least ton times as groat as the desired 
accuracy of the light standard. 

§ (13) Glow-lamp Sub - standards. — 
Finally, it is necessary to describe the 
olectrio glow - lamp sub- 
standards which are used 
for daily work in practical 
photometry. Specimens of 
such lamps as used at the 
National Physical Laboratory 
are shown in Fig. 6, some 
having carbon and some 
drawn tungsten filaments. 
In the case of the latter the 
filaments are disposed in 
grid formation so that the 
plane of the whole filament 
can be brought accurately 
over any mark on the 
photometer bench. Such standards as these 
can be operated at any given efficiency so that 
an approximate colour match may be obtained 


Fia. 5. 

with the source with which they aro to bo 
used, l^iterson has found ^ tliat, if not 
overrun, tlieso himps will maintaiti their 

" K. Warl)iirg, /ntn, VcrcineH Deutsch, 

XXX. 3-lu. 

* fm, m. Kiuf, Journ., 1907, xxxvlli, 287, and 
Phyn, Soc, Proc,^ 1915, xxvil. 270. 
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candle-power values for many hours of burning, 
so that if used only for a few minutes each 
day, they do not need recaUbration for long 
periods. For this reason they have very 
largely superseded the actual primary standards 
in everyday photometry, and standards such 
as these, after comparison with master stand- 
ards at a National Laboratory, are used in 
most photometric laboratories for practical 
work. Since the candle-power of a carbon 
filament varies as the sixth and that of a 
tungsten filament as the fourth power of the 
voltage applied to it, it is necessary to make 
the electrical measurements with 4 to 6 times 
the accuracy required of the candle-power 
measurements. With proper battery supply 
and potential measuring apparatus, however, 
this presents little difiSoulty. 

§ (14) Relative Values oe the Stand 
ARDS. — The following table summarises the 
relative values of the different standards 
above described. 

Table I 



Pentane. 

Hefner. 

Carcel. 

Violle. 

Pentane 

1 

Ill 

1-06 

0*5 

Hefner . 

0*09 

1 

0-094 

0-046 

Caroel . 

0-96 

10-6 

1 

0-48 

VioUe . 

2-0 

22 

2-1 

1 


Since 1909 the standard derived from the 
10-candle pentane lamp has been adopted 
by the National Laboratories of France, 


measurement of illumination at a given 
position. 

In the case of the former class the two 
sources are generally placed one on either side 
of the photometer, and their respective dis- 
tances from the comparison surfaces in the 
instrument are then adjusted until equality 
of brightness is obtained. Assuming both the 
surfaces to have the same reflection ratio, 
and to be equally inclined to the incident light, 
this condition gives the distances at which the 
two sources produce equal illuminations, and 
hence the candle-powers of the sources (in 
the direction of the photometer) are in the 
same ratio as the squares of their respective 
distances from the photometer surfaces. 

§ (16) The Bunsen Photometer. — As a 
convenient example, the simple form of the 
Bunsen Grease-Spot Photometer may be 
described. This consists of a sheet of opaque 
white paper rendered translucent over a small 
circular region in its centre by the application 
of paraffin-wax. This sheet S (JPig. 6) is 
mounted in a box which is Idackened on the 
inside and provided with two mirrors MM 
by means of which the two sides of the sheet 
may be simultaneously observed. The box is 
mounted between two sources of light, the 
sheet of paper being perpendicular to the line 
joining them, and is moved to and fro along 
this line until the observer obtains an identical 
appearance for the two sides of the paper as 
viewed in the mirrors. The candle-powers of 
the sources are then in tho ratio of the squares 



Great Britain, and U.S.A., and has' 
been subsequently preserved by means 
of glow-lamp sub-standards. This is 
now termed the International Candle, 
and is equal to the old French “ Bougie 
d^cimale.” 

III. Photometric Methods 



of their distances, from 

the paper sheet in the photo- 
meter head, i.e. if and Ja 
are the candle • powers of the 
sources in tho direction of tho 
photometer, then 


As has already been stated in the sec- 
tion on General Photometric Principles 
the comparison of light sources 
is always made by comparing the 
brightness of surfaces illuminated by 
these sources. Thus every photometer is 
essentially an instrument for the ready com- 
parison of brightness. Photometers may, 
however, be grouped in two classes accord- 
ing as they are primarily intended for the 
comparison of light sources, or for the 


§ (16) Illumination Photo- 
^ METERS.— The principle of an 

illumination photometer is 
Fio. 6. somewhat different. This in- 

strument is used for deter- 
mining the illumination at a given position 
by placing a matt white surface in that 
position and measuring its brightness by 
comparison with that of another surface con- 
tained in the instrument. The illumination 
of this surface is variable at 'will by the motion 
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of some part of the instrument, so that, with 
a scale previously calibrated, the value of the 
illumination of the outside surface can be at 
once obtained. Fig. 7 shows a typical form of 
illumination photometer. 

P is the photometer case containing L the 
electric lamp, S2 the surface whose brightness 
can be varied by moving L, and E an eye- 
piece. Sj is the other surface placed at the 
point at which it is desired to measure the 





ITIG. 7. 

illumination produced by lamp P. The sur- 
faces and 82 are observed simultaneously 
through E, and the handle H is moved until 
Si and Sa appear equally bright. As the 
movement of the handle regulates the illumina- 
tion at Sa each position taken up by it corre- 
sponds with some definite illumination. These 
illuminations are marked on a scale over which 
moves a pointer attached to the handle, so 
that when there is equality of brightness the 
scale reading indicated by the pointer gives 
at once the value of the illumination at Si, 
which was desired. 

§ (17) Modern Methods of Photometry. 
— Modern photometry, as far as it is concerned 


with the comparison of light sources, and 
their measurement in a given direction by 
comparison with standard sources, depends 
on the use of a comparison photometer of the 
most sensitive type available, together with a 
photometer bench specially designed for the ac- 
curate determination of the distances involved. 

§ (18) The Lummer-Brodhun Photometer. 
— The form of photometer head generally 
employed for work of the highest accuracy 
with lights of the same colour is the Lummer- 
Brodhun contrast type, the first form of 
which was described in 1889> though it has 
undergone several improvements sioce that 
date. The principle on which the instrument 
works will be best understood from Fig. 8, 
which shows on the left a plan view of the 
interior of the photometer head, and on the 
right an enlarged view of the prism system P. 
S is a central screen (approximately 4 mm. 
thick) constructed of white plaster with as 
matt a surface as can be obtained. The two 
sides of this screen are respectively illuminated 
by light from the two lamps to be compared. 
Ml and Mg are total reflection prisms, and by 
means of these the light from the two sides 
of the screen is brought to opposite faces of 
the prism system P. 

This system, as may be more clearly seen 
from Fig. 8a, consists of two right-angled 
prisms placed with their hypotenuses in 
contact. The hypotenuse of the left-hand 
prism, however, is sand-blasted with the 
pattern shown shaded in Fig. 8b, and thus the 
only parts of the two prisms which are in 
optical contact have the form of the white 
pattern in that figure. The result is that 
light passing into prism P^ is transmitted 
without change to prism Pg in the pattern 
shown white in Fig. 8b, while the pattern 
shown shaded in that figure is the pattern over 
which total reflection takes place in prism Pg, 
i.e. the pattern over which the light from Mg is 
seen by the observer at 0. In effect, there- 
fore, the observer at 0 sees a pattern of this 
form in which the brightness of the shaded 
portion is due to light from the right-hand 
side of S, while the brightness of the white 
portion is due to light from the left-hand side 
of S. Clearly, when the two sides of S have 
the same brightness the pattern will disappear. 

Disappearance, however, is not the oon(£tion 
of which the eye is capable of judging most 
sensitively, and therefore sheets of glass 
and Gg are inserted as shown in Fig. 8a, so 
that the light forming each of the rhomboidal 
patches is reduced by 8 per cent, and the 
condition to be arrived at is then equality of 
contrast between the patch and its back- 
ground in both halves of the field of view. 
The observer is provided with a telescope 
at 0, by means of which the pattern of the 
field is brought into accurate focus for his eye, 

2 E 
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as without sharpness of focus it is difficult to 
obtain accurate settings of the photometer. 

The whole of the optical part of the ap- 
paratus is mounted rigidly in a brass box 


occasions and using the method of procedure 
described later in this section. 

§ (19) The Photometer Bench. — The 
photometer bench must next be described. 



which is capable of rotation about a horizontal 
axis. Further, the screen S can be removed 
for alignment of lamps on the bench, or 
for reversal of screen to eliminate differences 
due to lack of equality in reflection ratio of 
the two plaster surfaces. The photometer 
windows are provided with brass shutters, 




The pattern designed and used at the 
National Physical Laboratory is shown in. 
general view in Fig. 9. It* consists of two 
straight steel bars, 3000 to 5000 mm. long, 
supported rigidly at intervals, the distance 
between the bars being 300 mm. Carriages, 
one of which is shown to a larger scale in 



and these should always be kept closed when 
the instrument is not in use, as otherwise 
both the plaster screen and the glass surfaces 
of . the prisms become dusty, and the field of 
view is covered with specks so that the accuracy 
of the readings is much impaired. With ex- 
perienced observers, lights of the same colour 
can he compared with this photometer to an 
accuracy of 0-1 per cent by taking the mean 
of a number of observers working on several 


Fig. 10, support the lamps to be compared, 
and the photometer head. These carriages 
consist of aluminium base plates B supported 
on three rollers with V-shaped grooves which 
run smoothly along the bars of the bench. The 
centre upright of the carriage has an adjust- 
ment for raising and lowering the plate P, and 
the latter is also capable of rotation about its 
axis, and carries a scale of degrees, so that it 
may be brought to any desired position. 
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Different fittings are attached to the various 
carriages according to the particular apparatus 
which they are intended to bear. The speci- 



men shown in Fig. 10 is designed to hold a 
lamp. Others are adapted for carrying a 
rotator, apparatus for polar curve measure- 
ments, or a photometer head 
and screening system. 

Sub-standards and com- 
parison lamps are mounted 
in specially designed holders, 
with tubular stems (as shown 
in Fig. 31) which fit into a 
central hole in the carriage 
pillar, a slot S at the bottom 
engaging in a key at the base 
of the hole, so that when a 
definite mark on the degree 
scale of the table is opposite 
the pointer the lamp 
is in a definite posi- 
tion with respect 
to the axis of the 
bench. 

Tost lamps are 
accommodated in special 
holders which have sockets 
designed to take lamps with 
ordinary standard caps. 
These holders terminate in 
tubular stems similar to 
those on the sub- standards, 
and they are provided with 
two pairs of leads, both of 
whieh are soldered to those 
parts of the sockets which make the contacts 
with the lamp cap. One of these pairs of 
leads is used for supplying current to 
the lamp, while the second pair is used 
for voltage measurement. In this way the 
voltage is measured at points which are as 
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near as possible to the actual lamp contacts, 
and no allowance has to be made for voltage 
drop in the supply leads. Each pair of leads 
is connected at its free end to a special form 
of ebonite holder, which is designed to facilitate 
connection with terminals carried on a small 
ebonite board at the end of the bench (Fig. 12). 

The carriage bearing the photometer head 
also carries a steel bar along which are placed, 



at convenient intervals, a number of blackened 
aluminium screens with varying sizes of 
apertures. The relative sizes of the screens 
and their apertures, and the intervals at which 
they are placed along the bar, are so related 
that the screen of the photometer head is 
completely shielded from rays of light proceed- 
ing from an3rwhere but a narrow region 
surrounding the lamp to be measured (see 
Fig. 13). When the bench is in use black 
curtains are hung on either side of it throughout 
its length, and black velvet screens are placed 
behind the lamps being compared, so that, as 
far as possible, stray light is completely 



prevented from reaching the photometer. 
One source of stray light which is sometimes 
found to give trouble is the specular reflection 
of the light from the lamp by the polished 
surfaces of the stool rods of which the bench 
is com])OScd. This may be avoided by ebonis- 
ing the rods (though even in this case specular 
reflection still takes place) or, better, by 
covering the rods at the half-way point with 
a piece of black velvet. The importance of 
adequate screening cannot he overestimated 
in accurate photometric work. 

§ (20) PROCEnURH IN MAKING A PHOTO- 
METRIC Measurement. — - The photometric 
procedure adopted at the National Physical 
Laboratory may be conveniently described 
by analogy with the double-balance method 
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of weighing. As in this method the object 
whose mass is recLuired is first balanced by 
an unknown mass of sand and is then re- 
moved from the scale pan and replaced by 
weights sufficient to balance the sand again, 
so in this method of photometry a lamp of 
unknown candle-power is used on the right- 
hand side of the photometer bench, and 
this is termed the “ comparison lamp.” The 
carriage holding tMs lamp is clamped to the 
carriage holding the photometer head by means 
of a bar of convem'ent length, so that the two 
carriages may be moved as one unit and the 
illumination on the right-hand side of the 
photometer head remains constant (see Fig. 9). 

To adjust this illumination to 10 metre- 
candles a glow-lamp sub-standard of accurately 
known candle-power is placed in a carriage 
at the zero mark on the left-hand end of the 
photometer bench. The distance of this lamp 
from the photometer head, which gives an 
illumination of 10 metre-candles on the screen, 
being accurately known, the correspondmg 
distance for the comparison lamp (termed its 
“ fixed distance ”) is found by photometric 
balance between the two. In actual practice 
this fixed distance is found as the mean of 
observations with four or five sub-standards 
and two or more observers, depending on the 
accuracy of the work to be undertaken. The 
distance between the photometer head and the 
comparison lamp is then fixed, by means of the 
bar, at the value thus obtained, and the bench 
is then ready for the measurement of the test 
lamps. 

A test lamp having been placed in the left- 
hand carriage of the photometer bench, and 
the axis of its filament (or mean plane of 
filament when dealing with grid filaments) 
having been carefully adjusted to be over 
the zero of the photometer bench, the observer 
makes a number of settings of the photometer 
heeid. An assistant notes these down, and 
the Situate of the mean distance in metres 
mnltiplied by 10 gives at once the candle- 
power of the test lamp in the direction of the 
photometer. Tt is generally the case that 
two observers will obtain values for the fixed 
distance of the comparison lamp differing 
by several, millimetres in 1300 to 1600 (the 
distance for a lamp giving about 20 candles). 
It is therefore customary to set the fixed 
distance at the value found by one observer 
and to correct the observations of the other 
observers so as to make these correspond 
with the fixed distances found by them. 

Tt may be mentioned in passing that the 
observer at the photometer head never sees 
b‘s own readings until they are all taken and 
entered up, so that he has no chance of being 
unconsciously biassed in one direction or 
another. For really accurate work, such as 
the standardisation of sub-standards, where 


values are certified to an accuracy of a 
quarter per cent, the procedure above outlined 
is gone through on three or four separate 
occasions, as it is found that the relative values 
obtained by two or more observers will differ 
slightly from day to day, so that it is desirable 
to have the mean results of several days’ 
observations. 

(i.) Errors , — It will be seen that this method 
of photometry avoids four of the errors to 
which a simple comparison of test lamp 
with standard is liable. These errors are : (i.) 
photometer screen error, (ii.) zero error of 
photometer head, (iii.) unequal reflections from 
extraneous objects at the two ends of the bench, 
and (iv.) observer’s personal error. The first of 
these errors, due to lack of symmetry in the 
photometer head, as has already been men- 
tioned, can be compensated by reversing the 
photometer head, but this does not apjAy 
to the other errors, which still remain unless 
a substitution method is employed. 

It will he clear that the bench, in addition 
to its millimetre scale, may boar a “ square ” 
scale so graduated that the position of the 
photometer head, when the illumination is 
equal to 10 lux, gives the candle-power of 
the test lamp directly without calculation ; 
for with a reading of n millimetres the candle- 
power is (91/1000)2 X 10 candles. It will be 
noticed that no allowance has been made 
above for the thickness of the plaster screen 
of the photometer head. If the distances of 
the two lamps from the photometer are 
approximately equal, or even in the ratio of 
2 to 1, with distances of 1300 mm. or over, 
the error introduced by this neglect does not 
exceed 0*16 per cent. For work at short and 
unequal distances, however, the somi-thiokness 
should be subtracted from the distance of the 
test lamp, assuming that the distance of the 
sub-standard has been given as that necessary 
to produce an illumination of 10 metro-candles 
on the actual surface of the photometer screen. 

(ii.) AUernative Method. — It sometimes 
happens that the method of fixed distance 
described above is not practicable, either 
on account of the high candle-power of 
the test lamp and insufficient length of the 
bench, or when measuring a source in a 
number of positions in which the candle- 
power varies over a wido range. In this 
case it is necessary to fall hack on actual 
candle-power measurements of the comparison 
lamp, and the use of the inverse square law, 
both lamps being held stationary, while the 
photometer^ head alone is moved. In this 
case, if d is the distance between the two 
lamps, J the candle-power of the comparison 
lamp, and x the distance of the photometer 
head from the test lamp, the candle-power of 

formula 

Jx ,{d'-x ) , This method, of course, involves 
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much more calculation than the fixed distance 
method. 

For the measurement of very high candle- 
power sources at the National Physical 
Laboratory, a 3 -metre photometer bench is 
mounted on a table fitted with rollers, 
which move along a rail track 30 metres in 
length. 

§ (21) Best Illumination, — ^An important 
factor which has to receive consideration in 
accurate photometry is the degree of illumina- 
tion desirable on the photometer screen. It 
seems to be generally agreed that an illumina- 
tion of between 6 and 20 metre-candles is that 
at which the eye is capable of giving the best 
results with the Lummer-Brodhun photometer 
head. Outside these limits the accuracy of 
judgment of equality begins to diminish. 

(i.) Absorbing Screens . — In the case of 
very high candle-power sources of light it 
is sometimes inconvenient or impossible to 
place these sufficiently far from the photo- 
meter to give the desired degree of illu- 
mination, and various methods have been 
proposed for reducing the intensity in a de- 
terminable ratio. One such method, the use 
of a neutral -tinted glass plate (or double - 
wedge), placed in the path of the light, has 
the disadvantage that truly neutral glass is 
unobtainable, so that in practice it is necessary 
to determine the transmission ratio of a given 
specimen of glass absorber by means of light 
of exactly the same colour as that with which 
it is intended to be used. An alternative is 
that proposed by Ives and Luokeish,^ and 
elaborated by Kruss.^ This consists of two 
glass plates ruled with fine opaque black lines, 
exactly equal in breadth to the spaces between 
them. These two plates slide one behind the 
other, and so a variation in transmission of 
60 per cent to zero can bo obtained. 

(ii.) The Sector Disc . — The most generally 
used apparatus for the purpose, however, is 
the sector disc in one of its many forms. 
The pattern devised and used by Abney is 
shown in Mg. 14, and possesses the advan- 
tage that the angle of the sector openings 
can be varied while the disc is in motion. 
The disc is placed so that its uppor portion 
alternately intercepts and transmits the beam 
of light which it is proposed to reduce. The 
shaft carries near one end a grooved pulley 
driven at any desired speed by an electric 
motor. At the other end is a disc A, of 
which three equal sectors have been re- 
moved, except by the shaft and the rim. A 
second, exactly similar, disc is placed behind 
this one, and is rigidly attached to a flange 
fixed to a sleeve which slides on the shaft, 
and has a pin engaging in a spiral groove cut 
in the shaft. Thus, the longitudinal position 

» Phi/s. Mev., 1011, xxxii. 622. 

* Zeits. Instrumentmh, 1917, xxxvii, 109. 


of the sleeve along the axis of the shaft controls 
the relative positions of the two discs, and so 
the width of the sector openings is capable 
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of control by means of a grooved wheel 
attached to the sleeve and acted upon by a 
pin in a lever L, which moves over a divided 
scale S. It has been shown by E. P. Hyde * 
that the transmission ratio of a disc of this 
kind, if duo precaution be taken to avoid 
stray light, is accurately the same as the ratio 
of the total angle of opening to 360°. Of 
course, the smaller the opening the more the 
accuracy of the transmission ratio depends 
on the accuracy with which the sectors are 
cut, and for this reason it is not generally 
advisable to use openings smaller than 10° with 
a disc of ordinary construction. The speed 
of rotation has to be adjusted until all flicker 
of the field disappears, and therefore needs 
to he higher the smaller the transmission 
ratio. 

§ (22) Error due to Size of Soxtroe. 
— An important consideration in the photo- 
metry of sources of light of largo dimensions, 
or where the candle-power is so small that the 
distance from the photometer has to he made 
comparable with the dimensions of the source, 
is the limit at which the inverse square law 
may bo taken to apply with the necessary 
accuracy. This law is, of course, only strictly 
applicahlo to a point source of light, and in 
the practical case of a source of finite dimen- 
sions, the illumination of the photometer 
screen is the sum of the partial illuminations 
duo to all the elementary portions of which 


A 
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the source is composed, the inverse square 
and cosine laws being applied to each such 
elementary portion separately. Thus, in the 
case of a circular disc AB {Mg. 16), the illumina- 
® Bureau of Standards Btdl., 1906, 11. 1. 
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tion of an elementary surface at a point O 
along the axis of the disc, due to an element 
of the disc of area a situated at its centre, is 
al/a®, where I is the normal brightness of the 
disc. If the disc is a perfect difEuser, the 
amount of flux it emits in any direction is 
proportional to the cosine of the angle which 
that direction makes with the normal to the 
surface. The illumination produced by a 
similar element at A, therefore, is only 
al cos^ 6IA0% for the amount of flux emitted 
by the disc per unit area in the direction of 
AO is I cos 6, and since this meets the surface 
at 0 at an angle d with the normal to that 
surface, the illumination is again subject to 
the factor cos 9. Hence the illumination at 
O due to A is alcos^^/a®. By integrating 
this expression over 
the whole disc it is 
found that the 
illumination at 0 
due to the whole 
disc is r®E/(a® + r^), 
where r is the radius 
of the disc and E 
is the illumination 
calculated on the 
assumption that the 
size of the disc is 
negligible in com- 
parison with its 
distance from 0. 

Similarly it may be 
shown that for a 
single straight fila- 
ment of length 21 
the illumination at 
an elementary 
surface distant a 
from its centre is 
E/2[a/Z tan-^ Z/a -i- a^/{a^ 4- Z*)], where E has 
the same meaning as before. Clearly, in 
these two particular examples, if the error 
is not to exceed 0-2 per cent, then in the 
first case rja must not exceed 4-5 per cent, 
and, in the second case, Z/a must not exceed 
4 per cent. In Fig. 16 are given graphs of 
the percentage errors introduced by assum- 
ing discs or lines of various dimensions to 
behave as absolute point sources. These 
graphs give therefore the dimensions of the 
largest sources for which the inverse square 
law may be assumed to hold to any desired 
degree of accuracy. 

§ (23) Variation or Candle-power with 
Voltage, — ^As has been already stated above, 
the candle-power of electric glow lamps varies 
at a much more rapid rate than the voltage 
applied to the filament. Actually it has been 
found that for tungsten filament vacuum 
lamps, a voltage change of 1 per cent causes 
a 3-7 per cent change of candle-power, while 
for carbon filament lamps this change is as 


much as 6 per cent. For tungsten filament 
gas-filled lamps the figure is generally not 
much different from that for tungsten filament 
vacuum lamps. For tungsten the change pro- 
duced by a given current variation is approxi- 
mately half that produced by the same per- 
centage change of voltage. 

(i.) Voltage Regulation . — From this it will 
be seen that to attain an accuracy of one- 
tenth per cent in candle-power measurements 
it is necessary to ensure that the electrical 
measurements and regulation shall be accurate 
to at least 0-02 per cent. Either voltage 
01 * current regulation may be employed ; 
the latter has the advantage that it is not 
necessary to ensure that the electrical measure- 
ments are made at the terminals of the lamp, 
but the former 
method has the 
advantage of greater 
sensitivity, and is 
the method gener- 
ally employed in 
photometric labora- 
tories. 

(ii.) Voltage and 
Current Measure- 
ment. — For work 
where an accuracy 
of 1 per cent in 
candle-power is the 
best aimed at, in- 
dicating instruments 
of a large scale pre- 
cision type are good 
enough if constantly 
checked against a 
standard cell and 
accurate potentio- 
meter. For more 
accurate work, however, a potentiometer 
method of voltage measurement must be 
employed, and it is essential that the volt- 
age of the supply shall be absolutely free 
from momentary fluctuations. In the most 
accurate work a storage battery, of reasonably 
high capacity for the loads to be taken, is 
essential The leads from this supply are 
brought through adjusting resistances to the 
current terminals on the photometer bench. 
From the voltage terminals, leads are carried 
to the terminals of a potentiometer, which is 
repeatedly checked during the course of a day 
against a standard Weston cell. Tf measure- 
ments of the current passing through the lamp 
are also desired, it is necessary to introduce 
into the main circuit of the lamp an accurately 
measured resistance capable of carrying the 
current without sufficient change of tempera- 
ture to affect the value of the resistance. The 
voltage across the ends of this standard resist- 
ance can then be measured by means of the 
potentiometer and the value of current deduced. 



Fig. 16. 
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Frequently, when using two electric lamx>s 
on the bench at the same time, it is convenient 
to be able to have a constant indication of the 
voltage on each lamp, and in this case an 
electrostatic voltmeter may be usefully em- 
ployed on the comparison lamp circuit. This 
lamp has normally to be run for a considerable 
length of time at a constant voltage, and 
therefore a voltmeter with a sufficiently 
enlarged scale (that used at the National 
Physical Laboratory has a scale of 12 feet 
radius on which one volt is represented by a 
length of 2J inches) ^ may be used for main- 
taining a watch on its voltage. The indication 
of this voltmeter has to be checked at intervals 
throughout the day on account of the slow 
upward creep due to the lag of the suspension. 
With this arrangement, the potentiometer is 
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free to give a constant indication of the 
correctness of the voltage on the tost lamp or 
sub-standard. A sketch diagram of the 
electrical connections is given in Fig, 17. 

§ (24) Othtcr Types oy Photometer. — 
The above is a general description of the 
methods usually followed when using a com- 
parison photometer of any ordinary typo and 
for the purpose of illustration; the Bunsen 
grease spot and the Lummer-Brodhun contrast 
photometers have boon described. The method, 
however, is perfectly independent of the 
particular form of j>hotomoter head employed, 
and som(^ of the other typos which have boon 
devised must now bo described. The total 
number of these is very largo, and it is inl- 
possiblo to do more than give a brief outline 
of a few of the boat known in the space here 
available. For the others, a text - book on 
photometry, such as that of Liobenthal, 
Praktiache Photometrie, or Trotter, Illumma- 
tion, Its Distribution and Measurement^ should 
be consulted. All of them depend, of course, 
on the comparison of brightness, but the 
arrangement of the surfaces to bo compared 
and the form of the line of separation differ 
in the different instruments. Further, while 
the majority depend on the law of inverse 

^ “ Photometry at the National Physical Xabora- 
tory,” Ilium. Bug., Lonclon, 1008, i. 845. 


squares for the variation of the illuminations, 
some use other means, such as polarisation, 
for this purpose, so that in these latter instru- 
ments the sources and the photometer are not 
altered in relative position while the measure- 
ments are in i)rogres8. 

Of the first class, depending on the inverse 
square law, the Rumford, the Haroourt Gas 
Referees, the Ritchie, Conroy, Thomson- 
Starling, Joly, and Trotter types will be 
described, while the Martens will be taken as 
a model of the polarisation type. 

§ (25) The Rtjmeord Photometer. — The 
earliest form of photometer capable of ac- 
curate work was designed by Count Rumford in 
1 793, and consisted of two vertical cylindrical 
rods Rj Rjj (Fig. 1 8), contained in a blackened 
box at the meeting-point of two tables. The 
tables carried the two sources to be compared, 
and these cast shadows of the cylinders on a 
white surface at the back of the box. The 
relative positions of the cylinders were so 
adjusted that the two central shadows wore 
just in contact at the centre of tlio white 
surface, while the two outer shadows were 
cast on a blackened surface and so lost. An 
opening in the centre of the front of the box 
enabled an observer to compare the intensities 



of the two shadows, and to obtain equality 
between them by moving one of the souiucs. 

§ (20) The HAiuiotruT Piiotommteu. — The 
Harcourt photometer used by the Metro- 
politan Gas Referees consisted, in prin(jif)lo, 
of a box, having on one side a circular 
opening covered with translucent paper and 
on the other a diaphragm with a rectangular 
opening 25 mm. high and 7 mm. broad. The 
two sources of light to bo compared were 
placed on the diaphragm side of the box, 
each slightly to one side of the lino joining the 
diaj)hragm to the screen (see diagram Fig, 19). 
In this way each source caused the diai)hragm 
to throw a bright rectangular patch on th<^ 
screens, and by suitably altering the jjoaitions 
of the lights these two patches could bo brought 
into juxtaposition, so that their brightness 
could ho readily compared. When equality of 
brightness was obtained, the candle-powers of 
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the two sources were in the ratio of the squares made of dulled Bristol board the error iutro- 
of their distances from the screen S. It was, of duced by shift of angle is not nearly as groat 
course, essential that the normal to the screen as would be expected from the pimj)!© cosine 

law, owing to the special 





behaviour of this material 
when the light is incident 
at an angle of 30° to 35°. 
An angle of 60° to 70° 
is therefore best if the 
Ritchie wedge is made of 
this material. 
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Two modified forms 


should exactly bisect the angle between the 
lines joining the centre of the screen to the 
two light sources, and in the actual instrument 
a mirror attachment was provided for the pur- 
pose of making this adjustment. 

§ (27) The Ritchie Wedob. — The photo- 
meter designed by Ritchie in 1826 consists 
of two inclined mirrors MM (see Fig, 20). 
These reflect the light from sources Lj, L^, 
to a piece of translucent paper P. If the 
angle between the mirrors be rather more 
than 90°, the bright patches produced on the 
translucent paper may be brought into 
accurate contact, and then balance is obtained 
in the same way as with the Bunsen photo- 
meter by altering the distance of one or both 
lamps until equality of brightness between the 
patches is obtained. In a modification of this 
photometer matt white surfaces are used in 
place of the mirrors, and the translucent 
paper is removed, so that the surfaces of what 
has been termed the “ Ritchie wedge ” are 
directly viewed by the observer. 

A very important factor in all photometers 
is the accurate placing in exact juxtaposition 
without interval or overlapping (as far as the 
eye is concerned) of the surfaces to be compared. 
Even a fine lino of separation, either darker or 
brighter than the surfaces compared, impairs 
the accuracy of equality judgment, though this 
is of less importance in a contrast type of field. 
With the Ritchie wedge, therefore, the front 
edge must be exceedingly fine, and further, on 
account of the cosine law of illumination, it is 
most important that the light shall impinge 

L, 

Q- 


p 

Fig. 20. 

on both surfaces at exactly the same angle. 
Trotter has shown.^ however, that for wedges 

^ lUuTnination, Its Distribution and Measurement, 
p. 95. 



of the Ritchie wedge 
photometer have been used. The first of those 
was introduced in 1883 by Conroy and the 
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second by Starling and S. P. Thompson in 
1893. They are shown in Figs, 21 and 22 
respectively, and from these diagrams the 
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principles of the designs arc self-evident. To 
ensure a sharp line of junction in tho Thomi)S()n- 
Starling pattern, tho edges of 
the cards facing tho observer 

^ should be sharply bevelled. 

jj § (28) The Trotteh Photo- 
meter. — Trotter’s “ l^crf orated 
Disc ” photometer is shown in 
plan in Fig. 23 The two 
inclined cards A and B are 
of Bristol board with tho 
glaze removed by passing over 
it a damp rag. A has a 
star -shaped hole cut in its centre, tho 
length and height being so proportioned, and 
the edges bevelled so that the observer at 0 
sees a perfectly sharp-edged and symmetrically 
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shaped cavity behind which appears the surface 
of B. A and B being illuminated by the two 
sources, it is possible to obtain an accurate 



Fig. 23. 

balance of brightness between them when the 
edge of the star becomes almost invisible. A 
similar design, independently proposed by 
Weber, is termed the “ Roof ” photometer, 
from the appearance of the cards when soon 
from above. 

§ (29) The Joly Photometer. — The photo- 
meter designed by Joly in 1888 consists of 
two blocks of paraffin wax, or translucent 
glass, placed side by side. Light from 
the two sources falls 
upon the side of the 
blocks which appear 
to be suffused with 
light, and the bright- 
ness match is ob- 
tained between the 
two sides B^, Bj 
(Fig. 24). Por an 
illumination of 10 
lux with paradin wax 
as the material, blocks 
about 5 mm. thick 
give a oonvoniont 
brightness. If thicker 
blocks are used the 
illumination must bo 
increased. When 
nearly balanced the 
less brightly illumin- 
ated block appears to 
have a grey band 
mext to the dividing 
Pig. 24. point 

of balance is passed 
this band appears to shift from one side 
of the line to the other. The point at 
which this shift appears to take place gives 
a very sensitive criterion of the exact position 
of balance. 


§ (30) The Martens Polarisation Photo- 
meter. — The chief example of a photometer 
employing polarisation as the means of vary- 
ing the brightness of the comparison surfaces 
is Martens’ Polarisation Photometer, shown in 
diagrammatic section in Fig. 25. In this 
instrument the light from the test lamp 
illuminates a plaster screen P. The light 
from this is reflected by two right-angled 
prisms P, Q through the Wollaston prism W, 
and the hi -prism B to tho analyser N. Light 
from a small comparison glow lamp G illu- 



minates an opal glass plate 6, and this also is 
soon after transmission through W, B, and N. 
W and B arc so arranged that tho light from 
the opal plate 6 which roaches tho oyoj)iooe is 
polarised ai right angles to that by which F 
is seem. Honce, equality being obtained by 
rotating tho Niool N, the ratio between the 
candle-powers of any two lampe placed suo- 
cessivoly at equal distances from F is tho 
same as tho ratio of tho square of tho tangents 
of the angles of rotation of N from tho zero 
position. The tube T is capable of rotation 
about tho axis passing through tho oontros 
of tho prisms P, Q. 

§ (31) The Acouraoy of Measurement. 
— ^Tho relative merits of the different patterns 
of photometer are very difficult to decide. 
The accuracy obtainable in photometric work 
depends very largely upon the individual and 
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each observer will obtain the best results 
with the particular instrument to which he 
is accustomed. Even the same observer differs 
in accuracy from day to day, and with the 
extent to which his eye has been fatigued by 
previous work. The time taken in making 
a reading differs with different observers, 
but if too long a time is taken, the precision 
of judgment ten^s to diminish after the 
first twenty seconds or so. The part of the 
apparatus which has to be moved to obtain a 
balance should be light enough to require 
very little manual effort on the part of the 
observer. It is often found convenient to 
approach the position of balance by over- 
shooting on each side a number of times in 
succession, the amplitude of the overshoot 
being diminished each time. If the eye is 
allowed to see anything brighter than the 
field of view in the photometer, its power of 
accurate balance is destroyed for a time 
depending on the brightness of the object seen 
and the time for which the eye has been 
exposed to it. 

§ (.S2) Physical Photombtebs. — All the 
photometers hitherto described have depended 
on the comparison of brightness by the 
human eye. It is self-evident that, in the 
case of all measurements of light, the eye 
must be the final judge of equality, but since 
individual eyes differ slightly from one another 
in their judgment it is inevitable that the 
results obtained by what may be called 
physiological photometry cannot be inde- 
pendent of the peculiar characteristics of the 
observer, and many proposals have been made 
to place photometry on a semi-physical 
basis — i.e. to design some instrument which 
will respond to light in the same way as the 
“ normal eye ” or the average of a very great 
number of individual eyes none of which 
possesses any marked abnormality as regards 
light perception. 

The instruments proposed for the purpose of 
physical photometry may be grouped in three 
classes according as they depend on (i.) change 
of the electrical properties of a material when 
illuminated, (ii.) the electron emission of a 
metal surface under the action of light, or 
(iii.) the action of light radiation on a thermo- 
pile or bolometer. 

§ (33) The Selenium Cell.— Of the first 
class, the most commonly used substance is 
selenium. It has long been known that the 
electrical resistance of selenium falls when 
illuimated, and many devices for the auto- 
matic lighting of lamps depend on the rise of 
resistance of a selenium cell when the daylight 
illumination falls. 

One form of selenium cell may be made by 
taking a small sheet of ground glass and 
spreading this with a very thin layer of purified 
amorphous selenium by means of a hot glass 


rod. If now four strands of fine bare copper 
wire are wound round the plate so that the 
whole of the selenium surface is covered, and 
two alternate strands are then removed, the 
other two strands are left separated for the 
whole of their length by a space equal to tho 
diameter of a wire. To make tho cell sonsitivo 
to light it is heated in an oven to a temporaturo 
of 180® C. for about five minutes, whoa tho 
transformation from amorphous to metallic 
selenium should be complete. Tho rosistanco 
of such a cell, formed on a plate 1 x 3 x 0*1 cm., 
has been found by Pfund ^ to be of tho order 
of 2x10’ ohms, and the sensitivity such 
that the resistance is decreased to 10 per 
cent of this value by an illumination of 150 
to 200 metre-candles. Tho cells should bo 
protected from moisture by being placed in 
a vacuum tube or waxed to a sheet of glass or 
mica. 

A selenium cell is very seloctivo, having a 
maximum of sensitivity at a wavo-longth of 
about 700 The most sensitive cell made 
by Fournier d’Albe ^ was capable of dotocting 
an illumination of the order of 10' ^ metro- 
candles. He found that tho change of re- 
sistance of a cell was, for a given period of 
recovery, approximately proportional to the 
square root of the illumination. 

The chief disadvantage attending tho uao of 
a selenium cell is its slowness in recovering 
its resistance after exposure to illumination, 
the period taken for recovery increasing with 
the intensity of the illumination to which it 
has been exposed. 

§ (34) The Photo -eleotbxo Cell. — The 
second class of physical photometer, gener- 
ally called the “photo-electric cell,” depends 
upon the fact, discovered by Hallwaohs 
in 1888, that a body carrying a negative 
charge of electricity loses that charge whon 
ultra-violet light falls upon it. Klstor and 
Geitel in 1889 ® showed that sodium and 
potassium exhibit this same effect when 
exposed to light in the visible spectrum, and 
they and other workers have devoted much 
careful experimental work to tho study of 
this effect and the possibility of its application 
to physical photometry. 

A convenient form of tho apparatus for 
fairly high illumination intensities is shown 
in Fig, 26.^ The photo -olootric coll itself 
oonsiste of a glass globo Z containing a mixture 
of helium and argon at low pressure. Into 
tho centre of this coll projects a platinum 
wire which acts as the anode of the coll and is 
connected to the terminal of the photo- 
meter. The cathode consists of a surfac<o 
of potassium which makes contact with a 
silver plate Ag and is connected by means 

; Phys. Mev., 1909, xxvili. 324, 

; Rov. Soc. Proc., 1913-14, Ixxxix. 76. 

AnmL d.Phv8ik., 1889, xxxviii. 40, 497. 

TSlster and Goitol, X^hys, JZeit,, 1012, xiil, 740, 
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of a platinum wire sealed into the glass with 
the terminal of the photometer. A 
guard-ring Sj connected to earth prevents 



leakage over the surface of the glass between 
the two electrodes. The light enters by the 
tube R, which is closed by a cap when the 
photometer is not in use, so that the coll is 
completely shielded from light oxooi)t when 
in operation. I is an iris diaphragm, and M a 
plate of matt uviol glass. The box containing 
the cell is blackened inside and is capable 
of rotation abotrt the axis defined by the 
platinum wire Pt. Thus tho whole instrument 
is mounted like a theodolite, and tho tube R 
can be oriented in any desired direction. 
Using a potential difference of 40 to 60 volts 
between the electrodes on tho cell, tho current 
produced by sunlight illumination is of tho 
order of 10“® amperes. Tho current duo to 
an illumination of 1 metro-candle is of the 
order of 10-^^ amps., and it has boon found 
that if proper precautions are taken to elim- 
inate possible disturbing factors very accurate 
proportionality exists between current and 
illumination over great ranges of intensity 
of the latter (0-07 to 6000 motrc-canclloB).^ 
It has been calculated by H. S. Allen that 
an alkali cell of the most sensitive typo, 
used in connection with a tilted electro- 
scope capable of measuring currents of 10-^® 

^ llichtmyer, Pliys. to., 1909, xxlx. 71, and 1910, 
XXX. 385. 


amperes, should be capable of detecting the 
light from a candle at a distance of 2*7 
miles.® 

(i.) Variation of Smaitivity withW ave^ength. 
— One of the chief difficulties in the use of 
photo-electric cells as physical photometers 
is the difference between the behaviour of 
such a cell and the human eye as regards 
response to light of different wave-lengths. 
Normally, the sensitivity of the cell should be 
greater the shorter the wave-length of the 
light, but although the alkali metals are 
selective in the visible spectrum, their char- 
acteristic curve is far from even approximating 
to that of tho eye, so that the photo-electric 
coll in its simple form can only be used for 
tho comparison of lights having exactly tho 
same si)ectral distribution. In order to make 
tho measurements obtained with them of 
absolute photometric value, it would be 
necessary to introduce some colour filter to 
reduce their curve of sensitivity at different 
wave-lengths to approximate equality with 
the sensitivity curve of the average eyo. 

Various metals and alloys have been tried 
in different gases and mixtures of gases. 
Both sodium and potassium have been used 
separately and alloyed, and the hydrogen at 
first employed has been replaced by a mixture 
of helium and argon. Elster and Ooitel have 
prepared very sensitive colls by first heating 
the alkali metal in hydrogen to a temperature 
of about 360® C. The clear colourless crystals 
of hydride thus obtained are then bombarded 
with cathode rays, large quantities of hydrogen 
arc evolved, and the hydride becomes brightly 
coloured. These coloured substances, which 
Ester and Goitel consider to bo the motal 
in a colloidal state dissolved in tho solid 
hydride, are from throe to four times as sensitive 
as tho j)uro metal surface prepared by distilla- 
tion. The hydride crystals have to bo removed 
from contact with hydrogen, and this is re- 
placed by argon or helium after tho colouring 
has been ])r()(iucod. 

(ii.) Photo-electric Fatigue, — Tho second 
disadvantage attending tho use of photo - 
olootric colls is the possibility of loss of 
sensitiveness by what is known os “photo- 
electric fatigue.” This fatigue may take 
place when tho coll is standing idle and is 
fairly ra])id in tho })resenoe of a gas. Much 
work has been done on both tlio theory and tho 
practical offoots of this fatigue when the 
pressure of the gas is reduced to that gener- 
ally used in photo-electric colls (1 to 3 mm. 
of mercury), but no conclusive evidence of 
complete absence of fatig^AO in any particular 
form of coll has been produced so far. 

§ (36) Radiometers. — The third class of 
physical photometers, depending on radio- 
metric measurements by some instrument such 
* H. H. Alien, P?ioto-electr'icilij/f p. 74. 
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as the thermopile, has been developed by Ives 
and Kingsbury in America.^ 

The Thermopile . — It is clear that the 
thermopile, since it measures total radiation, 
cannot be used alone to evaluate luminous flux, 
but that some auxiliary device is necessary to 
reduce the radiation in each wave-length in 
such a proportion that the relative effects of 
the different wave-lengths on the combined 
apparatus may be the same as their relative 
effects on the human eye. An approximation 
to this condition may be arrived at by means 
of a coloured solution which transmits such a 
proportion of the whole incident . radiation 
in each wave-length that the effect on the 
thermopile is proportional throughout the 
spectrum to the effect of light of that particular 
wave-length on the human eye. The solution 
arrived at empirically by Ives and Kingsbury 
(Zoc. cit.) is as follows : 


Cupric chloride 
Cobalt ammonium sulphate 
Potassium bichromate 
Nitric acid (1*06 sp. gr.) . 
Water to . . . 


60 0 gm, 
14*6 gm. 
1*9 gm. 
18 0 o.c. 

1 litre. 


The form of apparatus used by them is shown 
in Fig. 27. T is the thermopile, consisting of 


-mi 


Pio. 


from the Hefner lamp to an ordinary tungsten 
filament vacuum lamp, the agreements between 
the visually and physically detorniinod values 
of transmission ratio of yellow and blue tost 
solutions were identical to one-half of 1 per 
cent. 

As an alternative to the solution method 
of reducing total radiation to agree with the 
sensitivity curve of the eye, Ives has proposed * 
the analysis of the light from the source into 
a spectrum band, by means of a prism. This 
spectrally distributed light is then transmitted 
through a sector disc having aperttires cut in 
it of such a shape that the relative amounts 
of each wave-length transmitted by the disc 
are proportional to the sensitivity of the eye 
at that wave-length. The apparatus is shown 
in plan and elevation in Fig. 28, whore L is 
the light source, S the slit, and P the prism 
producing a spectrum S'. D is the sector 
disc, and it will be seen from the end view, 
with one aperture passing over the spectrum, 
that the different wave-lengths can be 



18 bismuth-silver junctions arranged linearly 
in series, and having a total resistance of 26 
ohms. G is a d’Arsonval galvanometer with 
an internal resistance of 12*5 ohms and critical 
damping resistance of 32-6 ohms. Its sensi- 
tivity is 33 mm. per microvolt. L is the 
luminosity curve solution (above described) 
in a glass tank one centimetre thick. K is a 
protective water tank at least four cm. thick, 
to out off infra-red radiation. 8 is a shutter, 
S', S' tin screens, and D a sector disc. J is 
the source of light, a lamp of 100 candle-power 
placed 25 cm. from the thermopile. It was 
found that with this apparatus, the lamp 
ru nnin g at the colour of a 4 watt per candle 
carbon filament lamp and giving a candle- 
power of 45 candles, the deflection on the 
galvanometer was 7 cm. It was found that 
over the range of colour represented by the 
commoner illuminants and standards, i.e. 

^ Phyg. ltev,y 1916, vi. 319. 


weighted in such a manner that the sensitivity 
curve of the eye is reproduced on the thermo- 
pile T when the transmitted spectrum is 
recombined by the lenses C, 0. 

The chief difficulty mot with in the use of 
total radiation is that, owing to the very 
small proportion of the total radiation from 
the source which is in the visible spoctnim 
(generally less than 1 per cent), the effect 
of scattered heat radiation is very soriouH, and 
special precautions have to be taken to ensure 
that this error is avoided. For details of the 
methods by which it has been sought to do 
this, the original papers above referred to 
should be consulted. 

^ § (36) Spect^lL PHOTOMETEWfi. — Dcscrip- 
tioiis of photometric apparatus specially 
designed for particular branches of photo- 
metric work {e.g. the flicker photometer for 
heterochromatio photometry, the Ulbricht 

* Phya. Pm., 1915, vll, 334. 
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globe for the measurement of average candle- 
power, and the various forms of illumination 
photometers) will be found under the sections 
dealing with those particular branches of 
photometry. 

IV. Light Distribution 

The section on Photometric Methods dealt 
only with methods of measuring the candle- 
power of a source in one single direction, but 
in the case of all sources met with in practice, 


the ordinary squirrel- cage type, the candlor 
power in the direction of the axis of the 
lamp is very much less than that measured 
in a direction perpendicular to this, It is 
actually found that the candle-power is by 
no means the same in all directions per- 
pendicular to the axis, and Figs. 29 and 29a 
illustrate these statements. These diagrams 
are what are generally termed “ polar diagrams 
of light distribution.” In these curves the 
length of the radius vector at any angle gives 
the candle-power at that angle, and the curve 




the candle-power varies in different directions, 
and it is therefore impossible to compare the 
performance of two sources by a single candle- 
power measurement unless the direction in 
which that measurement is made has been 
carefully defined. It is partly for this reason 
that sub-standard electric glow lamps are 
constructed with the filament in one plane. 
The candle-power in the line perpendicular 
to this plane is the one taken for purposes 
of measurement, and this arrangement has 
the great advantage that a slight departure 
from the true position has practically no 
effect on the candle-power in this region. 

§ (37) Polar Diagrams. — It is, how- 
ever, obvious that in the case, for example, 
of a vacuum glow lamp with a filament of 


of Fig. 29 shows the variation in candle- 
power at the different angles in a plane 
passing through the axis of the lamp, while 
Fig. 29a gives similar information for a plane 
perpendicular to this axis. 

§ (38) Mban Horizontal CANBLU-rowBR. 
— The different methods by which these polar 
curves are obtained will bo dealt with in this 
section, but first it is necessary to describe 
a method for finding by a single measurement 
the average value of the candle-power in all 
directions in a plane perpendicular to the 
lamp axis. This average, called the mean 
horizontal candle-power (m.h.o.p.) of the lamp, 
is a figure very frequently used for the rating 
of vacuum lamps of the ordinary type. 

The method consists of rotating the lamp 
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about its axis (placed so as to be vertical) 
sufficiently fast to obtain on the photometer 
head an average dlumination. A speed of 
120 revolutions per minute is generally 



Fig. 29. 


sufficient. The candle-power corresponding, 
to this illumination is then called the mean 
horizontal candle-power of the lamp. The 
chief difficulty of this method is to ensure 
a steady contact for current supply to the 
rotating lamp when this is being driven 
sufficiently fast to eliminate flicker in the 
photometer. This difficulty has been over- 
come in the form of rotator, shown in Fig. 30, 



which was designed by 0. C. Paterson for this 
purpose. 

(i.) The Lamp Motator . — The rotator con- 
sists essentially of two parts, one fixed rigidly 
to the stand, the other capable of rotation 
and carrying the lamp. The arrangement 
is best seen from the sectional diagram of 


Fig. 30. A is an ebonite disc bearing two 
concentric copper rings, which are respectively 
connected to the terminals T, T. From 
these terminals flexible leads are conveyed 



Fig. 20A. 


inside the vertical tube B to the lamp 
holder. Rigidly attached to this tube is a 
solid brass disc D which is friction-driven 
by a small wheel driven through a shaft and 
pulley system from a small electric motor. 
C is a second circular ebonite block bearing 
two annular grooves concentric with the 
copper rings of A and half filled with mercury 
so that these rings can rotate freely with 
about J-inch of their lower edges dipping 
into the mercury. The mercury in those two 
grooves is connected to four terminals S, S to 
which are attached the current supply leads 
and voltage measuring leads from the bench. 
With this apparatus, if the mercury troughs 
and copper rings are kept clean, there is 
generally no difficulty in maintaining the 
current through the lamp perfectly steady. 

(ii.) Step~by-8tep Method for Gas-filled Lamps. 
— ^The above method of obtaining the mean 
horizontal candle-power can only be applied 
to vacuum lamps, as a gas -filled lamp may 
change candle-power by several per cent if it 
be rotated.^ In the case of these lamps, 
therefore, the method of measurement at 
different positions round the lamp must be 
employed. For finding the polar curve in 
the horizontal plane, i.e. the plane per- 
pendicular to the axis of the lamp, supposed 
upright or pendent, it is only necessary to 
rotate the lamp and its holder in the photo- 
meter carriage and take candle-power measure- 
ments every 10°. The correct positions are 
easily found by the aid of the degree scale 
on the table fitted to the carriage (see Fig. 10). 
For the determination of the polar curve in 
a vertical plane the lamp may be mounted 

* Middlekauff and Skogland, Bureau of Standards 
Bull., 1915-16, xii. 696. 
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in the fitting shown in Fig. 31. This consists 
of two semi -rectangular frames of iron, 
jointed at the open ends, so that one frame 
can be clamped at any 
desired angle with the 
other. A graduated dial 
is fixed to the lower frame 
(which is made to fit into 
a photometer carriage) so 
that the angle of tilt of the 
upper frame, bearing the 
lamp, can be ascertained. 

By this means a curve 
showing the distribution 
of candle-power of a lamp, 
in a plane passing through 
its axis, can be obtained. 

A curve thus obtained for 
an ordinary ** squirrel 
cage ” tungsten - filament 
vacuum lamp is shown 
in Fig. 29a. 

§ (30) Tirrc Mieror Ap- 

PARATXTS FOB POLAR 
OTTRVJii Determination. 

— ^It is not possible, how- 
ever, to tilt all light 
sources. Gas flames or 
mantles clearly cannot bo 
tilted, and some gas-filled electric lamps change 
candle-power appreciably according to the posi- 
tion in which they are burning. ^ For such 
sources, therefore, it isS necessary to have 
recourse to some arrangement of mirrors. A 


source of error in this apparatus. If the 
radius about which M swings be not small in 
comparison with the distance of M from 
the photometer, then the 
light is incident obliquely 
on the photometer disc, so 
that a change in its reflec- 
tion ratio as M rotates may 
cause a small error. Of 
course, the distance .to be 
used in computing the 
candle-power must be that 
of the photometer from the 
image of the source as seen 
in the mirror. The rofloo- 
tioii ratio of tlie mirror 
must also be allowed for, 
as if the mirror only reflects 
SO per cent of the incident 
light, the measured candlc- 
powoTS must bo multiplied 
by 1-25. The reflection 
ratio of the mirror may 
bo readily determined by 
making a candle - power 
measurement with the 
centre line of the mirror 
M in a horizontal plane, 
and then rotating L until 
the part which was originally soon in the mirror 
from the photometer now faces the photometer 
directly. The ratio of the candle-power in 
this position (the mirror being screened) to 
the candlo-pow'or previously obtained, gives 




simple form of apparatus for tins purpose is 
shown in Fig. 32. The source remains fixed at 
L, and the mirror M rotates about an axis 
passing through L. If M be tilted so as to 
bring the light from the source on to the 


the factor by which the mirror measurements 
have to bo multiplied in order to obtain true 
values of candlo-X)owor for the curves. 

(ii.) The Three - mirror Apparatus . — The 
error referred to in the preceding paragraph 



photometer head (the direct light from L being 
screened), then the photometer readings give 
the candle-powers in different directions round 
the source in the piano of rotation of M. 

(i.) Frrora and Corrections . — There is one 
^ Middlekauir and Skogland, loc. cit. 


is avoided by the use of three mirrors 
arranged as shown in i)lan in Fig. 33. The 
principle of the method remains the same, 
but the light proceeds axially from the third 
mirror, and the candle- powers measured, after 
allowing for the reflection ratio of the mirror 
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system, are not affected by changes in the 
reflection ratio of the photometer disc. 

§ (40) Polar Curves for Laroe Sources. 
— ^The apparatus just described can only be 
used on the bench for sources of comparatively 
small dimensions. Very frequently, however, 
it is necessary to obtain polar curves for 
sources of large dimensions such as arc 
lamps, or for a lamp in a reflector fitting 
where lamp and fitting must be regarded 
as a single unit for purposes of measurement. 
In oases such as these, either of the methods 
described above may be employed, with the 
necessary modifications in the design of the 
apparatus. It is, of course, necessary to 
have the mirrors larger than the source or 
unit to be measured, and this sometimes 
necessitates a long swinging arm with con- 
sequent accentuation 
of the error referred 
to above in the de- 
scription of the single- 
mirror method. At 
the same time, the 
weight of large mir- 
rors and the dSfioulty 
of arranging a three- 
mirror apparatus for 
large sources have 
resulted in the use 
of the single-mirror 
method in many 
laboratories for 
sources of large 
dimensions. A polar 
diagram showing the 
difference of light 
distribution from a 
gas-filled lamp with- 
out reflector, and 
the same lamp with a large shallow reflector, 
is given in Fig. 34. 

With large sources the candle-power is often 
considerable, and to keep within the best 
illumination range for accurate photometry 
it is necessary to have the photometer head 
at a great distance from the source. This is 
further desirable when working with a single 
mirror, as has been pointed out above. It is 
therefore often convenient to mount the 
source and the mirror on the wall of the room 
in which measurements are to be made, and to 
have a photometer bench of ordinary length 
mounted on a table on castors so that its 
distance from the wall can be varied. At the 
National Physical Laboratory, the bench is 
actually mounted on steel rollers which run 
in a track on the floor, and brass marks are 
fixed close to this track at intervals of a 
metre, so that, by means of a pointer on one 
leg of the photometer table, the bench can 
be moved an accurately known distance away 
from, or towards, the source. 


§ (41) Unstmmbtrioal Sources. — ^In aH 
that has been described above, it has beer^ 
assumed that the source is symmetrical about 
a vertical axis, so that a polar curve in oiicr 
vertical plane should be the same for all such 
planes. This, however, is not the case iu 
practice, and therefore it must be agreed 
to take the vertical distribution curve in 
some plane, defined with respect to the aourcts 
or the source may be rotated about its vor- 
tical axis while the measurements are being 
made, so that the candle-power shown for 
any angle 6 (measured from the vertical) 
represents the average value along all the 
lines forming a cone with the source as apox 
and semi- vertical angle 9. 

When this is done, the speed at which the 
lamp has to be rotated may be reduced, or 
the flicker at any given 
speed may be lessened » 
by using two mirrors 
symmetrically plaoe<I 
wdth respect to tho 
source instead of a 
single mirror. If this 
arrangement be 
adopted it is neces- 
sary to cut off the 
inner comer of each 
mirror so that both 
may be used at angles 
near the vertical. 

§ (42) Average 
Candle - power or 
M.S.C.P. (i.) TU 
Roueseau Diagram . — 
It might be conoludwl 
from tho above de- 
scription that the re- 
lative performance of 
two lamps or lighting units of approximately 
symmetrical distribution could be seen at once 
from their respective polar curves, obtained by 
one of the methods described above ; but 
while it is true that this information can 
be deduced, after computation, from those 
curves, the appearance of the curves them- 
selves can be most misleading. This may 
be very well demonstrated^ by a considera- 
tion of the two curves shown in Fig. 35. 
All the radii veotores of the first curve art> 
double the corresponding ones of the second, 
so that it is obvious that the total amounts 
of flux emitted by tho two lamps must 
be in the ratio of two to one. Yet it is 
equally obvious that the areas of the curves 
are in the ratio of four to one, while the 
volumes of their solids of revolution about the 
vertical axis are in the ratio of eight to one. 
Gearly neither the area of the polar curve 
nor the volume of its solid of revolution 
about the vertical axis can give a mental 
^ Mrs. Ayrton, The Flectric Arc, p. 454. 
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conception of the relative amounts of flux 
emitted by the lamps. This can only be 
obtained by computation of the average 
candle - power of 
the lamp measured 
in all directions 
in space. This 
figure, known as 
the average 
candle-power 
(a.c.p.) or mean 
spherical candle- 
power (m.s.c.p.) of 
a source, can be 
obtained by calcu- 
lation from the 
polar curve in the 
candle-power per- 
about the axis of 
the polar curve. For, if J be the candle- 
power in a direction making ah angle $ 
with the vertical, then if we suppose a sphere 
of radius r to surround the source, the area 
of the zone of this sphere from which the 
source appears to have the candle-power J 
is clearly 27ry® sin 6d6, so that the average 

candle-power is J J^j sin 6d0. The value of 

this expression may be obtained by a simple 
graphical method due to Rousseau ^ and 
termed the Rousseau diagram. Fig. 36 shows 
on the left the polar curve of a source of 
light. At the ends of the radii vectoros, 
horizontal lines are drawn through a vertical 
line AB, and from the point of intersection of 
any such horizontal a length is out off equal 


A 




Fia. 36. 

case of a source whose 
formance is symmetrical 


to the length of the corresponding radius vector 
on the polar curve. Thus CD is equal to OL, 
EF to OM, and so on. A snjooth curve is then 
drawn through all the points such as D, F. 
From the method of construction of tho 
diagram it wull bo clear that the distance 
CX is equal to r cos 0, so that, in the limit, 

^ La Lumi^re ^lectrique, xxxvii. 4X5. 
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CE =r sin and therefore half the area of 
the curve ADFB gives the average candle- 
power of the source. This area may be 
obtained either by means of a planimeter, 
or by erecting a series of equidistant ordinates 
on AB as base, and using one of the forms of 
Simpson’s rule. 

(ii.) Rufisell ArigUa . — In the above method of 
obtaining the Rousseau diagram it will be seen 
that measurements of candle-power are made 
at regular intervals of 10° (or whatever interval 
may be selected), and that these measurements 
are then spaced to give them their correct 
respective weights in determining the area of 
the curve. Russell’s method ® consists of a 
predetermination of the angles at which 
measurements must be made to give equally 
spaced ordinates on the Rousseau diagram. 
The spacing of these angles is shown in Fig, 
37, where it will be seen that the sphere 



is divided by the broken lines into 10 zones 
of equal area, and then candle-power measure- 
ments are made at the half-way points of 
those zones, so that the area of tho Rousseau 
diagram may be calculated at once by 
Simpson’s rule without any need for the 
diagram to bo drawn. Tho Rixssoll angles to 
be used when tho si)horo is divided into 20, 
10, and 5 zones respectively are as follows ; 

Tablm of Russell Anolbs poe Calculation 

OF AvJSEAOE (lANDl.lC-l’OWBrt 


20 ZoncR. 

10 Zones. 

8 Zones. 

6 Zones. 

2-9 

6-7 

7*2 

9-6 

8 6 

17-5 

22-0 

30-0 

14-5 

30-0 

.38-7 

66 >4 

20-6 

444 

01-0 


26-7 

G4-2 


, , 

33-4 




40 6 

, , 


, , 

48 -G 

. , 

. , 

. , 

68-2 


, , 

, . 

71-8 

- 

•• 

- 


* InsU Meet, Eiftg. Jowm,^ 1003, xxxii. 633 , 
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§ (43) Blondbl’s M.S.C.P. Photometers. 
— ^The above method of determining the 



average candle-power of a source necessitates 
the determination of the candle-powers in a 
certain number of fixed directions. 

The same information can be obtained 
in a single measurement by the use 
of a form of apparatus which concen- 
trates on to the photometer head 
the light, or a known fraction of it, 
from a circular ring surrounding the 
source. Blondel^ has proposed two 
different methods of doing this. In 
one of these, shown in Fig. 38, he 
places the source S at the centre of a 
spherical blackened globe GO. This 
globe has out out of it two lunar 
apertures LL, and the light from S 
passes through these and strikes an 
ellipsoidal mirror E, from which it is 
brought to a focus at P where the 
photometer is placed. In a modifica- 
tion of this method the mirror E is 
replaced by an annular diffusing ring. 

In each case the instrument is cali- 
brated by means of a lamp of known 
average candle-power. 

§ (44) The Matthews - Dyke 
Photometer. — Matthews’ apparatus, 
as modified by Dyke,® is shown in 
plan and elevation in Fig, 39. 

Eleven pairs of adjustable mirrors 
MjMa are carried on a semicircular 
support A. L is the source placed 
at the centre of the ring of mirrors 
M^. These are so placed that the 
light reaching them from L is reflected 
to the mirrors and from the latter 
proceeds to the photometer head P. 

The case of this is out away so that 
light may reach the photometer screen from 
all angles.- It will be seen that by this 

' Comptes Eendus, 1895, cxx. 311 and 650. 

• Phys. Soc. Proc. xix. 399, and PhU. Mag., 1906, 
ix. 186. 


method the total illumination of the photo- 
meter screen is proportional to the average 
candle-power of the source L, provided this 
is symmetrical. For light emitted by the 
source in a direction making an angle 6 with 
the vertical, on reaching the photometer, 
makes the same angle with its surface, so that 
the illumination is reduced by the factor 
sin^. Provided, then, that the diffuse re- 
flection ratio of the photometer screen do 
not vary with the angle of incidence of the 
light, the photometer will give the average 
candle-power directly, if the apparatus be 
calibrated with a lamp of known average 
candle-power. 

The apparatus was used by Dyke to deter- 
mine the ratio of the average to the mean 
horizontal candle-power of a source. For 
this purpose the light from L is reflected by 
two other mirrors N, N to the opposite side of 
the photofneter head. These are mounted on 
a stand which slides on a graduated scale T, 


and by balancing the photometer the ratio 
between the mean horizontal and mean 
spherical candle-powers can be obtained by 
a single measurement. For the method of 
correcting for the lack of constancy of reflec- 





PHOTOMETRY AND ILLUMINATION 


435 


tion ratio of the photometer screen, Dyke’s 
original paper should be consulted. 

§ (45) Intboratino Photometers. — In all 
the above methods of determining the average 
candle-power it has been necessary to assume 
that the polar curve is the same in all planes 
passing through the axis of the lamp, or else 
that this is sufficiently nearly the case for 
rotation of the lamp to give a true mean. 
In the apparatus now to be described this 
assumption is not made. The distribution of 
light from the source may be quite irregular, 
and yet the correct value of average candle- 
power will be obtained by a single measure- 
ment, provided the theoretical conditions of 
the apparatus be sufficiently closely fulfilled. 
Actually, as will be seen, the departures 
from these conditions rendered necessary by 
practical considerations make the values 
inexact for very unsymmetrical sources, and 
the cause of these errors and their elimination 
will bo the subject of the concluding paragraphs 
of this section. 

§ (46) The Whitened Sphere. — W. P. 
Sumpnor first pointed out in 1892 ^ that if 
ABOD (Fig. 40) bo a principal section of a 
globe, with a per- 
fectly matt white 
interior surface, then 
the amount of radia- 
tion reaching any 
point of the surface 
B from an element 
of the surface A was 
the same whatever 
the relative positions 
of A and B. For 
if 0 be the centre 
of the sphere, and F the radiation omitted 
from A in the direction AO, the radiation 
emitted in the direction AB will bo F oos OAB. 
Also this radiation strikes the surface at B 
at an angle from the normal equal to OAB. 
The amount of radiation reaching B is there- 
fore proportional to F cos^ OAB/AB®. But 
AB »2r cos OAB, and hence this expression 
becomes F/4r2, which does not depend on the 
positions of A and B. Hence the radiation 
received from A by all parts of the interior 
of the sphere is the same, sinoe any two 
points of a sphere can bo joined by a great 
circle. 

If, then, a source of light bo placed inside 
a whitened sphere, a certain amount of light 
from it reaches each part of the surface of that 
sphere. The amount diffusely reflected by 
that part to every other point of the sphere 
is the same and is proportional to the diffuse 
reflection ratio of the surface (for normally 
incident light if the source is placed at the 
centre of the sphere). Thus any particular 
spot on the sphere receives, in addition to its 
^ I*hy8. Soo. Proc., 1892, xii, 10. 



own share of the direct light from the source, 
a constant proportion of the light received by 
every other point of the sphere, and thus the 
illumination of a given point shielded from 
the direct light is proportional to the light 
received by all the other parts of the sphere, 
i.e. to the average candle-power of the 
source. 

The exact mathematical investigation is as 
follows : If 0 be the amount of flux per 
unit area which reaches the point A from the 
source, and if R be the reflection ratio of 
the surface of the sphere, then the amount of 
flux per unit area which roaches every other 
part of the sphere, due to reflection from A, 
is R^/tt. l/4r“*, since </>, the flux reflected 
normally by a perfectly diffusing surface, is equal 
to the flux received by that surface divided 
by TT (see section on “ Illumination ”). It is 
clear, therefore, that if <I> be the total flux 
emitted by the source, the amount of flux 
received, per unit area of the sphere, by a single 
reflection from each other part of the sphere, is 
Rtf/TT. l/4r^. Similarly, the amount received 
by two reflections is . 1/4^2, and so on. 

Hence the total flux received by reflection 
at any point of the sphere is found to be 
<I>/47rr2{R+R® + ^ . .to infinity} =!4>R/47rr2(l-R). 
But if J be the average candle-power of the 
source, =4 tJ (see § (2), “ Definitions ”), so that 
the a’bove expression reduces to J/r® . R/(l - R). 
But J/r® is the flux per unit area reaching the 
surface of the sphere, supposing all reflections 
absent and the source uniform in all directions. 
In the case of a sphere of one metro radius, a 
source of one candle would produce an 
illumination by direct light of 1 metro-can die. 
If the diffuse reflection ratio of the surface 
of the sphere bo 80 per cent, the illumination 
by reflected light is 0-8/(l - 0*8) =4 times as 
groat as this, i.e. 4 motre-candlos. 

§ (47) The Ulbrioiit Globe, (i.) Descrip- 
tion . — The first proposal to use this principle for 
the determination of average candlo-power was 
made by Ulbrioht in 1000,® and many develop- 
ments of the design and contributions to the 
theory of the sphere photometer have been 
made by him and others since that date,® 
Recently a largo photometer of this type has 
been eonstruoted at the Bureau of Standards. 
This consists of a sphere of 88 inches internal 
diameter, built up of reinforced oonoroto on a 
steel network, and finished off inside to a 
truly spherical surface.^ There are two holes 
in the sphere as shown in the sootional diagram, 


* ISleH. ZeiU., 1000, xxi. 595. 

» tTlbricUt, mekt. Zeits.. 1005, xxvl. 512; 1906, 
xxvii. 50, 803 ; Bloch, Elekt. Zeits,, 1905, xxvl. 1047, 
1074 ; lOOC, xxvll. 63 ; (lorseplus, EleH. Zeit$.. 1006, 
xxvii. 408; Monaseb, JUlekt. ZeAts., 1006, xxvii. 669, 
695; Bloch, Ilium, mg., London, 1008, i. 274; Oor- 
Bopiufl, Ilium. JSng., London, 1908, i. 801, 805 ; Sharp 
and Millar, Am. Ilium. JCng, Soc. Trans., 1908, lii. 502. 

* Hosa and Taylor, Am. lUum. Eng. Soc. Tram., 
1916, xi. 463. 
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Mg. 41. The top hole is covered with a flat 
wooden disc which can be lowered from above 
in annular sections, so that a lamp can be 
suspended inside the sphere from above if 



desired. On one side of the sphere is a hinged 
door of segmental form with maximum dimen- 
sions 37 X 16-6 inches. In the wall directly 
opposite the door, on the equator, is a milk 
glass window which can be removed at will, 
but which is perfectly flush with the inside 
surface of the wall when in place. By an 
ingenious arrangement of hinged rods carrying 
the lamp socket, lamps can be brought to the 
door of the sphere for changing and then 
automatically returned to their correct position 
within the sphere. At a point about 27 inches 
in front of the window are two vertical rods 
which hold a runner for carrying the screens. 
These are of four sizes, viz. 11, 21, 30, and 
37 cm. in diameter. 

As has been stated already, the inside 
coating of the sphere must be as non-selective 
as possible, owing to the number of reflections 
which much of the Hght has to suffer. In 
many oases a pure zinc white has been found 
satisfactory. In the Bureau sphere the inner 
coating is of Keene’s cement, which was 
found to have a reflection ratio of 92 per 
cent. 


The photometric apparatus consists of a 
1*6 metre bench with a photometer head 
specially designed for the direct comparison 
of the brightness of the sphere window with 
the brightness of a diffusing glass illuminated 
by the comparison lamp. 

(ii.) Errors . — Tests were made to determine 
the magnitude of the errors introduced into 
average candle-power measurements by lack of 
uniform distribution of light from the source. 
The maximum error found for many sources 
having different types of distribution was 1-7 per 
cent. The percentage reduction of the measured 
value by the presence of black discs in the 
sphere was found to be 10 times their relative 
area {i.e. ratio of area of disc to area of sphere 
surface). For white discs, such as the screens, 
this reduction was about one-third of that 
for black discs. Tests with a source giving a 
beam of light showed a maximum variation, 
according to the orientation of the beam, of 
4 per ceni The effect of the distance of the 
source from the window was found to be 1 
per cent with the lamp half-way between the 
window and the centre of the sphere. With 
the lamp at a distance of 10 inches from the 
window the error was 2 per cent. 

(iii.) OalibrcUion . — At the Bureau of Stand- 
ards, the sphere is calibrated before each period 
of use, by means of a lamp of accurately known 
average candle-power inserted in the same 
lamp socket as that which subsequently holds 
the test lamps. This is the method also 
adopted with the cube photometer used at the 
National Physical Laboratory, to be described 
later. 

Ulbricht’s original suggestion, however, was 
to have both test lamp and sub-standard in the 
sphere during both calibration and test. This 
arrangement is shown in Fig. 42, where 
is the sub-standard. La the test lamp, and Sj 



and Sa screens shielding the window from 
these two sources respectively. A small screen 
S is also inserted to prevent specular reflection 
from one lamp when the other is alight. 
Calibration is effected by balancing the com- 
parison lamp -with Lj on and Lg off. The 
tests are then made with off and Lg on. 
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If the window of the sphere does not form 
part of the photometer head, the two must 
he kept rigidly fixed in relation to each other, 
A useful adjunct is an iris diaphragm between 
the two, so that, when using the sphere for 
sources of very high candle-powers, the 
illumination on the photometer can be reduced. 
Of course, the diaphragm must be at the same 
aperture for both calibration and test, 

(iv.) Correct’ ons.— It will be seen from the 
theory outlined above that the illumination 
of the window is only truly proportional 
to the average candle-power of the source 
so long as the sphere is perfectly empty. 
The very presence in the sphere of a source 
of finite ^mensions is a violation of this 
condition, and the fact that screens have 
to be introduced to shield the window from 
direct light at once introduces a further de- 
parture from the ideal conditions. The error 
caused by the presence of these bodies in the 
sphere is greater the larger their dimensions 
compared with those of the sphere. Ulbricht 
has laid it down that the diameter of the 
sphere should be not less than six times 
the diameter of the globe of the largest lamp 
to be measured in it. The screens, also, must 
be as small as possible and whitened on both 
sides. Where Ulbricht’s arrangement is 
adopted the approximate error due to the 
screens, S and S', provided these do not exceed 
6 per cent of the area of a principal section of 
the sphere, has been given as (805- lOO^') 
per cent to be added to the measured value, 
where 8 and 8' are the ratios of the areas of 
the screens S and S' to the cross - sectional 
area of the sphere. Where the screens are 
larger than this, more complicated formulae 
must be employed, and for these Ulbricht’s 
original paper should be consulted (loc, ciL), 
Where the substitution method of calibration 
is used, the error due to the screen may be 
taken as that found experimentally and given 
above under the description of the Bureau 
of Standards sphere. 

§ (48) The M^hitened Cttbe. — Various 
modifications of the Ulbricht globe have 
been suggested. One of these consists of 
a whitened hemisphere, another takes the 
form of a whitened cube. This was suggested 
by Sumpner ^ and has been adopted at the 
National Physical Laboratory.^ Though 
theoretically less accurate, this form possesses 
the advantages of simple construction and 
greater ease of manipulation of the light sources 
inside it, and for the comparison of lamps of 
similar light distributions it has boon found 
to give very accurate results. Buckley has 
shown® that for sources as dissimilar in light 
distribution as a tungsten-filament vacuum 

^ Ilium. Eng., London, IDIO, iii. 323, 

* Paterson, Walsh, Taylor, and Barnett, X.E.B, 
Trans., 1920, Ivlii. 83. 

® Inst, Elect. Eng. Jmm,^ 1921, lix. 143. 


lamp, unshaded, and a similar lamp of which the 
whole of the upper hemisphere has been covered 
by an opaque shade, the difference introduced 
into the values of average candle-power meas- 
ured by the cube do not exceed 4 per cent. 

In all types of the globe photometer and its 
modifications, it is of great importance that 
the reflection ratio of the diffusing surface 
shall be uniform throughout; and if a photo- 
meter of this type is much used, especially for 
arc-lamp work, it must be repainted at frequent 
intervals, as, although frequent calibration 
will avoid error due to an even deterioration 
of the whole surface, it will not allow for a 
greater deterioration in one part of the surface 
than another. 

§ (49) Average Candle-power Measure- 
ments IN Specified Zones. — Eor certain 
purposes it is sometimes more important to 
measure the total amount of light given by 
a source in the lower hemisphere. This is 
expressed by taking the average of the candle- 
powers of the source measured in all direc- 
tions below the horizontal plane, and is 
termed the average candlo-powor (lower hemi- 
sphere) or mean lower hemispherical candle- 
power. Its value may be obtained by obvious 
modifications of the methods described above 
for the determination of average candle-power. 
Less frequently used values are (i.) the mean 
upper hemispherical candle-power, and (ii.) 
the mean zonal candle-power, t.e. the average 
of the candle-powers of the source measured in 
all directions within a given zone defined in 
any particular case. 

§ (60) General Considerations. — There 
can be no doubt that the use of an Ulbricht 
globe, or one of its modifications, will be- 
come of increasing importance owing to two 
facts, h’irst, the tendency in the design of 
modem illuminants is to pay much more 
attention to the total light emitted by a 
source than to the particular manner in which 
that light is distributed, so that the average 
candle-power is of much more significance than 
the candle-power in any arbitrary direction or 
directions (such as the mean horizontal candle- 
power). Secondly, the impossibility of rotating 
many present-day illuminants — even the gas- 
filled lamp changes its candle-power value 
when rotated — makes a photometer such aS 
the Blondel or Matthews useless for the deter- 
mination of the average candle-power. There 
seems to bo little doubt, therefore, that the 
use of the Ulbricht globe — in comparatively 
small sizes for the measurement of lamps of 
the size generally employed in interior lighting 
— ^will shortly become universal in photometric 
laboratories. 

A very complete bibliography of the inte- 
grating photometer is given by Rosa and 
Taylor {loc. cit) and by Ulbricht in Das Kugd- 
photometers 
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V. Illumination and its Mbasubement 

The previous sections of this article have 
been concerned with the measurement of the 
candle-power of a source of light. In the 
present section, however, no attention w'hat- 
ever is paid to the source. All that is dealt 
with is the actual illumination received at a 
surface, and this may be due to one or many 
sources of the same or of different kinds. 

A very frequent error in terminology is the 
confusion of “ illumination ” with “ bright- 
ness.’* The distinction has been mentioned 
in the definition of the latter term in the 
section on “Definitions,” but it may be further 
elaborated here. Illumination is concerned only 
with the amount of radiation which reaches 
a given surface. A piece of white paper 
and a piece of black velvet lying side by 
side may well be equally illuminated, but 
their brightnesses will be very different. The 
brightness is concerned only with the luminous 
radiation which a surface emits in the direc- 
tion of the eye, and therefore two surfaces of 
different reflection ratios, but equally illumin- 
ated, will have brightnesses which are propor- 
tional to their respective reflection ratios. 

In illumination photometry, as in candle- 
power photometry, the actual comparison is 
always between the relative brightnesses of two 
surfaces, and this necessitates a brief considera- 
tion of the way in which the brightness of any 
given surface varies with the illumination and 
the angle at which it is viewed. 

§ (61) Matt and Polished Suefaoe.s. — 
Surfaces may be very crudely divided into 
two classes, polished and matt. In the case 
of a poUshod surface, such as a metal mirror, 
very nearly the whole of the reflected light is 
emitted in a single direction, viz. that making 
an angle with the normal equal to the angle 
which this normal makes with the incident 
light. A perfectly matt surface, however, 
returns light according to a cosine rule. This 
rule states that, for a perfectly diffusing surface, 
the radiation emitted in a direction making an 
angle 6 with the normal to the surface is equal 
to 0 cos 6, where 0 is the radiation emitted 
in the normal direction. Thus if A {Fig. 43) 
be an element of a perfectly diffusing surface, 
the polar curve of distribution of the light 
emitted from A is the circle ABC, for AC equals 
AB cos &. Prom this rule it results that 
the total flux emitted by such a surface is 

TT 

cos 9 . 2t sin 6d$ if $ is the flux emitted 

"0 

per unit solid angle in the normal direction. 
This expression is equal to tt^, so that the 
averse candle-power of A is or the mean 
hemispherical candle-power is 

The brightness of a surface should generally 
be expressed in terms of candles per unit area. 


so that a square conti metre of a surface which 
is omitting ‘1* lumens i)er unit solid angle in the 
normal diroetion has a brightness of candles 
per square centimetre 
in that direction. If 
the direction be not 
normal to the surface, 
the brightness must 
be expressed in 
candles per unit area 
of the surface ])ro- 
jootod perpendicular 
to the dirootion. For 
a square oontimotro 
viewed in a direcstion 
making an angle of (JO® 
with the normal pro- 
duces an image on the retina which is only 
half the area of that produced by a square 
centimetre of surface viewed normally. 
Hence to obtain the illumination of the 
image on the retina, the criterion of bright- 
ness as far as visual effect is oonoomed, the 
radiation omitted per unit projected area must 
be Qonsidorod. 

It will bo seen at once that, since this pro- 
jected area bears to the true area a ratio equal 
to the cosine of the angle of projection, it 
follows that a perfect diffuser appears equally 
bright at whatever angle it is viewed, for if 
the brightness bo candles per sq. cm. in the 
normal dirootion, the radiation omitted per 
unit solid angle by unit projected area (i.e. 
see 9 sq. om.) will be «I> sec 9 in the normal 
direction, or 4? in the dirootion of vision. 

It is for this reason that matt surfaces, ie. 
surfaces which approximate as closely as 
possible to i>orfoct diffusers, are always em- 
ployed in illumination photometry. For then 
the angle from which the comparison surface 
is viewed is less important than it would bo if 
a glazed or semi-polished surface were employed. 

§ (62) Relation between Ii^lumination 
AND Brightness. — It will bo useful here to 
obtain the relation between the illumination 
of a perfectly diffusing surface, its reflection 
ratio, and the resulting brightness. If the 
illumination be E metre-eandlos, the flux 
received per unit area of the surface is E 
lumens. The total amount of flux omitted 
is therefore RE if R be the reflection ratio. 
Now if B be the brightness in candles per unit 
area, the flux omitted per unit solid angle 
in the normal direction is B lumens. Hence 
the total amount of flux reflected is ttB 
lumens. Therefore tpB rr RE or B = RE/r. As 
an example, a porfootly diffusing surface 
having a rofleotion ratio of 76 per cent and 
illuminated to the extont of 10 metro-candles, 
has a brightness of 7-6/7r=2*39 candles per 
square metro. 

§ (63) Photometer Soreens. — It has been 
found that no surface behaves at all angles 



FIG. 43. 
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as a perfect diffuser, and in some which are 
generally regarded as matt the departure 
from the cosine rule is very considerable. 
This departure depends not only on the 
direction from which the surface is viewed, 
but more especially on the direction of the 
incident light. There is always some specular 
reflection, and the brightness is always high 
where the direction of vision and the direction 
of the incident light make equal angles with 
the normal in the same xdane. Trotter ^ has 
made a large number of measurements of 
this effect in the case of many surfaces. 
He finds that Bristol board, unglazed by 
passing a damp cloth over its surface, or 
white celluloid rendered matt by rubbing 
over its surface with pumice powder, gives 
very good results if the direc- 
tion of specular reflection be 
avoided, a maximum error of 
3 per cent being foimd for 
the last-named material. 

In some photometers the 
comparison surfaces, or one 
of them, consist of sheets of 
matt opal glass, and for these 
the rule of cosine emission holds 
very well over quite a wide 
range of angles. 

§ (54) Illumination Photo- 
meters. — ^A general account of 
the principle of working of 
illumination photometers was 
given at the beginning of the sec- 
tion on “Photometric Methods.” 

The number of instruments 
which have been designed for 
the measurement of illumina- 
tion is very large, and all that 
can be given here is a brief 
description of some of those 
which have been most frequently 
employed by workers in the field of illumina- 
tion engineering. 

§ (56) The Pbeeoe Photometer. — The first 
photometer to be designed for the purpose 
of making illumination measurements was 
that of Preeco described in 1883.* This con- 
sisted of a box containing an electric glow- 
lamp and furnished at the top with a Bunsen 
grease-spot screen. The current through the 
lamp was varied until the grease spot 
disappeared, and the illumination of the 
screen was then known from previous calibra- 
tion against the illumination produced by a 
standard source of light at various known 
distances. In a modification of this instru- 
ment, due to Trotter, the variation in the 
illumination of the under side of the grease- 
spot screen was effected by altering the 

‘ Illtmimtion: its Distriimtion aruL Measurement, 
p, 93, and Ilium, Bno., London, 1919, xll, 243. 

■ my, Soc, Proc., 1884, xxxvi. 270. 


position of the lamp instead of its CJandlo- 
power. 

§ (66) The Trotter Illumination Photo- 
meter. — The latest form of the Trotter Illu- 
mination Photometer is shown in vertical .sec- 
tion in Fig. 44. L is a small 4- volt glow-lami) 
mounted in a screw socket which is carried on 
a bracket sliding on a vertical bar B. By 
this means the distance of L from a mirror 
M can be varied to suit the candle-power of 
the particular lamp used in the photometer 
at any time. The light is reflected by M to 
a matt white celluloid screen C which is 
capable of rotation about an axis perpendicular 
to the plane of the paper. This rotation is 
effected by means of the snail cam A which 
bears on a pin D. This cam is so shaped that 


the angular motion of the celluloid surface is 
much slower than that of the cam at the 
positions where the light from K falls very 
obliquely on to C. Por at these positions it 
follows from the cosine law that the illumina- 
tion will vary very rapidly with the inclination 
of C, so that unless a cam such os that shown 
is provided, the scale hocomes very oomprossed 
at the lower values of illumination. A light 
leaf spring E gives just enough friction to 
hold the screen in any position while yet 
allowing a very free movement of the cam. 
The pin D is hold in close contact with the 
cam by moans of a flat spiral spring fixed to 
C. S is a knife-switch by moans of which 
tho lamp L can be lighted from a 2 - cell 
accumulator oonneotecl to tho terminals T,, T^ 
of tho photometer. At the top of the box is a 
second matt white celluloid surface F, and tho 
photometer is placed so that this surface is 
in tho spot at which it is desired to measure 
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the iUumination. A plan view of F is shown 
in Fig. 44a, and the measurement is made by 
viewing C through the slit in F and adjusting 
the brightness of the 
former by tilting it with 
the cam handle, until F 
and C appear equally 
^ O bright. Illumination at 

F is then given by the 
position of a pointer con- 
nected with the handle 
by which C is turned. 

Fm. 44A. The scale is obtained by 

previous calibration with 
known ihunodnations provided by a standard 
lamp at different fixed distances. To ensure 
that F is always viewed at a constant angle, 
C is provided with two small black pointers. 
These must be just visible at the ends of the 
slot in F (as in Fig. 44a) when the measurement 





Fia. 44B. 


is being made. The direction actually used 
is 20® from the vertical. Even with this 
precaution of constant angle of vision, if the 
sheet F is not perfectly matt and the light is 
incident upon it at an angle of about 20®, 
there is danger that specular reflection may 


minated by the outside lights consists of a 
disc from which two diametrically opposite 
quadrants have been removed. This disc is 
set spinning pneumatically, and thus the 
instrument acts on the flicker principle and is 
adapted for use with lights of colours different 
from that of the comparison lamp contained 
in the photometer box (see section on ** Colour 
Photometry ”). 

§ (68) The Webee Photometer. — The 
Weber photometer was one of the first illu- 
mination photometers designed. ^ It is shown 
in vertical section in Fig. 45. L is a ben- 
zine lamp which acts as a source of standard 
candle-power, S is a translucent screen mov- 
able along the tube T^, its position being 
marked by a pointer moving over a scale 
engraved on the outside of this tube. C is a 
Lummer-Brodhun cube, and P is a total 
reflection prism for use when the tube T*, 
which is capable of rotation about tho axis 
of Ti, is used in the vertical position (as 



shown). The upper end of Tjj is closed by an 
opal glass disc, and this forms tho surface the 
illumination of which is to be measured. 

§ (69) The Sharp -Millar Photometer. 
— much more elaborate photometer on a 
somewhat similar principle is that of Sharp 
and IMillar, described by the latter in a critical 
paper on illumination photometers. * Tho 



cause an appreciable error. It is best, there- 
fore, to view the photometer in a plane perpen- 
dicular to that of the incident light, as shown 
in Fig. 44b, which also gives a view of the 
complete instrument. 

§ (57) The Harrison Photometer. — In 
the Harrison photometer, the surface illu- 


plan of this instrument is seen in Fig. 40, 
L is the lamp, a 4-volt glow-lamp, which is 
capable of movement along the box by means 
of an en^ess wire moved by tho handle H. 
The position of the lamp is indicated by the 

, . Ann ., 1883, xx. 320. 

• Am . lUum . Eng . Soc . Tram ., 1907, H. 476. 
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shadow of a pointer on a translucent celluloid 
scale at P. This lamp illuminates an opal 
screen and the brightness of this is com- 
pared, by means of a Lummer-Brodhun cube 
viewed through the eyepiece B, with the 
brightness of a second opal glass screen Sg 
reflected in a 45° mirror, contained in an 
elbow tube of which T is the plan. The 
illumination to be measured is that at S 2 , 
and the range of the instrument is increased 
by the insertion of neutral glasses, with known 
transmission ratios, between G and either 
or Rj- 

This photometer possesses the great ad- 
vantage that the test plate S 2 is viewed from 
below, so that its illumination is completely 
unobstructed by the person of the observer 
or any part of the apparatus. This is of 
considerable importance, since, 
when the number of sources con- 
tributing to the illumination is 
large, it is often difficult for the 
observer to avoid shading one 
or more of them from the test y 
plate when this is viewed, as is 
usually the case in illumination 
photometers, from above. 

It is also claimed for this 
photometer that the brightness 
of the comparison disc varies 
exactly as the inverse square of 
the distance from it of the lamp L. This is 
probably the case unless this distance is 
made too short, when the inevitable effect of 
interior reflections will be such as to cause 
departure from the exact 
inverse square scale. 

§ (60) The Maetens 
Photometer. — The 
Martens photometer is 
shown ill side elevation 
in Fig. 47 and in section 
along the line AB in 
Fig. 47a. L is a benzine 
lamp which is used as a 
comparison source, and 
which illuminates a 
ground glass plate G by 


tion photometer described in § (30) enables 
this instrument to be used as an illumination 
photometer. The plaster screen F is replaced 
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by an opal glass screen, and the tube T is 
turned so that this screen occupies the position 
where it is desired to measure the illumination. 






Fig. 47. 


reflection in the mirrors M and a total reflec- 
tion prism P. S is a white screen, the illumina- 
tion at which is desired, and oomparisou is 
made in the eyepiece between the brightnesses 
of S and G. 

A slight modification of the Martens polarisa- 


FIG. 48. 

§ (61) The Lhxombtbr. — Two very portable 
instruments employing a test screen which 
may bo quite separate from the photometer 
are the Luxometer, which is a modification 
of the Trotter photometer, and 
the Lumetor due to Dow and 
Macldnney.^ The first of these 
is shown in section in Fig. 48, 
L is a small 2-volt glow-lamp 
which illuminates the tilting 
screen S. This screen is re- 
flected in the mirror M and is 
soon in the plate 0 which is 
silvered over one-half of its 
surface. The tost plate T is 
seen by direct vision through 
the unsilvered half of 0, and 
the two halves of the field are 
brought to equality of bright- 
o ness by tilting S. 
s § (62) The Lttmbter.— The 
lumeter is seen in plan in Fig. 
49. The 2- volt glow-lamp L 
illuminates an opal glass plate 
G. Behind this plate a cylin- 
drical shutter 0 with a care- 
fully graduated opening is moved by a 
handle carrying a pointer which travels over 
a scale on the outside of the instrument, 

‘ Opt. Soc. Trans., 1010-11, xii. 60. [This paper 
(IcBcriboH the original form of the instrument which 
has now been revived. The description here given 
refers to a modlllod form introduced about 1912.] 
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The light from the part of 0 exposed 
by C illuminates the screen S, which con- 
sists of an exterior ring of white opaque 
material, and an inner clear circle. This screen 
is viewed through the eyepiece, the exterior 
test plate P being seen through the clear 
central portion of S, while the brightness of 
the opaque portion is varied to equality with S 
by altering the position of 0. The shape of 
the opening in C is seen in the lower part of 
the figure. The breadth of the larger portion 
is ten times that of the smaller, so that at 
the transition point the scale is enlarged ten 
times. Theoretically the scales should be 
linear, but in practice errors up to 5 per cent 
and more are found with a linearly divided 
scale. Just at the point where the larger 
opening begins to come into operation, the 
error is, naturally, very large. 


showing bright, while those on the left now 
appear dark. Previous calibration gives the 
value of illumination at which each circle 
vanishes in this way, and thus the instrument 
can be used for obtaining quickly an approxi- 
mate value of the illumination at any point. 

The lamp is supplied from a dry cell con- 
tained in the box, and a small voltmeter and 
regulating resistance are supplied to enable the 
fall of voltage of the cell to be compensated. 

A somewhat similar instrument was de- 
scribed ® by H. T. Harrison in 1910. 

§ (64) The Measurement oe Brightness. 
— ^lu both the luxometer and the lumeter, 
the test surface is quite separate from the 
photometer, and in fact these instruments 
may be used for measuring brightness as well 
as illumination. For, if the reflection ratio 
of the white card be R, then an illumina- 




tion of n metre- 
candles gives it a 
brightness of tiR/w 
candles per square 
metre. Thus if the 
balance be obtained 
by means of the in- 
stmment when the 
test card is replaced 
by some other surface, 
the reading of the in- 
strument multiplied 
by the factor R/tt will 
give the brightness of 
the surface in candles 
per square metre. 
Similarly, if the in- 
strument be calibrated 
(as is usually the case) 


Fig. 49. 


in foot- candles, multi- 


Both these instruments are adapted for 
measuring low illuminations by the provision 
of neutral glasses N, N, of known transmission 
ratios, which con be inserted at will between 
the test surface and the eyepiece. In the 
lumeter these consist of double wedges, so 
that adjustment to convenient ratios, such 
as O'l and 0*01, is possible. 

§ (63) The Sharp Foot-oandli Meter.— 
For rapid approximate measurement of iUu- 
mination a portable photometer has been 
devised by Sharp and modified by Saokwitz.^ 

It consists of a box containing a trough, 
over which hes a white screen with a line of 
translucent circles in it, this screen being 
illuminated from beneath by a lamp placed at 
the end of the trough. The brightness of the 
circles diminishes gradually from one end of 
the screen to the other, and when the box is 
placed in any position, one of the circles is 
found to disappear, those on the right still 

^ Sharp, World, 1916, Ixviil. 509 : Sackwitz, 
Am. Ilium. Bng. Soc. Trans., 1918, xili. 292. 


plication by R/tt gives 
the brightness in candles per square foot. 

It has frequently been the custom to express 
brightness in equivalent foot-candles, i.e. in 
terms of the brightness of a perfectly diffusing 
surface of 100 per cent rofieobion ratio, illu- 
minated to the extent of one foot-candle. 
This figure is obtained at once from the 
readings of an illumination photometer 
multiplied by the simple factor R. Unfortun- 
ately this system has given rise to much 
confusion between illumination and brightness, 
and it is desirable that the latter should, 
always be expressed in candles per unit 
area. 

§ (66) Voltage Regulation. —It will have 
been noticed that a number of illumination, 
photometers depend, for their standard of 
comparison, on a small 2- or 4-volt electric 
glow-lamp fed from a portable battery. Now, 
as has been already stated, the candle-power 
of an electric lamp varies as the fourth or 
fifth power of the voltage, so that constancy 
® XUummaiiriO Engineer, London, 1910, iii. 373. 


PHOTOMETRY AND ILLUMINATION 


443 


of battery volt-age is of first importance. 
Most such photometers are provided mth a 
switch so that the lamp can be switched on 
only when the readings are being taken. The 
discharge of the battery is thereby much 
reduced, and, as the current of the lamp does 
not generally exceed half an ampere, a storage 
cell of 10 to 20 ampere-hour capacity will 
maintain a constant supply voltage over a 
considerable period of use. The voltage of 
the battery on discharge must be frequently 
checked, and recharging should be commenced 
as soon as the voltage has dropped 5 per cent 
of its value. During this time the readings 
of the photometer must be reduced by 3*7 
or per cent for every 1 per cent drop in 
voltage, according as the lamp filament is of 
tungsten or carbon. The cell when first taken 
off charge should be discharged at about half 
an ampere for at least an hour before being 
used on the photometer. This avoids the 
initial over-voltage. 

§ (66) Peeoautions in tjstng a Portable 
Photometer. — ^The most frequent source of 
trouble in portable photometers employing an 
electric lamp, is faulty contact at some part of 
the circuit. At the very low voltage used, the 
slightest fault in a contact causes a noticeable 
decrease or fluctuation in the light. The 
leads to the battery should be tightly screwed 
down on to perfectly clean terminals, and it 
is inadvisable to undo them during the taking 
of a set of readings. All contacts inside the 
photometer should be soldered, and the lamp 
socket must be of the screw type with the 
lamp well screwed down into the socket. If 
a switch is provided for the lamp, it is neces- 
sary to ensure that it makes good and 
constant contact when in the “ on ” position. 

All portable photometers require frequent 
checking at two or three points of their 
scale, against known illuminations provided 
by a standard lamp at definite distances 
from the test plate. When all the precautions 
detailed above have been observed, the best 
of those instruments may he relied upon to 
an accuracy of about 2 to 3 per cent over the 
most favourable part of its scale. 

The measurement of illumination, both by 
daylight and artificial light, is becoming 
increasingly frequent and impe^rtant. In 
several countries codes of illumination re- 
quired for particular kinds of workshop and 
factory processes are enforced by legislation. 
Extensive rules have also been framed for the 
lighting of schoolrooms, and the illumination 
of shop windows, public halls, churches, 
theatres, and other buildings has lately re- 
ceived considerable attention.^ 

§ (67) The Meastjbejhent oe Illumination. 

' Vide Illuminaiin^ Engineer ^ London: Trane- 
actione of the lUummaiing Engineering Sodetv of 
New TorJe ; Lighting Journal^ and other publications. 


— The method of making illumination measure- 
ments is to place the test plate at the position 
where the illumination is required, and to 
determine this by means of a photometer 
similar to one of those above described, taking 
care that the body of the observer shields 
as little light as possible from the test plate. 
Unless otherwise stated or clearly implied, 
it is usual to assume that the test plate is 
placed horizontally, and very frequently the 
floor level or the 1 -metre level is adopted 
for all the measurements. More frequently, 
however, the plate is placed horizontally on 
the desk, loom, bench, lathe, etc., where it is 
desired to know the illumination. Sometimes, 
as in planning a picture gallery, the illumina- 
tion of a vertical surface is of primary 
importance. In such oases, of course, the 
vortical position is adopted for the test 
plate. 

§ (68) The Calculation of Illumination. 
— ^If it be desired to predict by calculation tho 
distribution of illumination which will result 
from any given 
arrangement of 
light sources, this 
may be done from 
the polar curves 
of the sources to 
he used. Eov(Fig. 

60) the illumina- 
tion of a horizon- 
tal plane at A, due 
to a source at 
L of which the candle-power in the direction 
LA is J, will be Jeos^/LA^ or Jeos^^/A®, 
where h is the vertical height of L above the 
horizontal plane through A. Thus the total 
illumination at A will be 2)J cos^^/A^ the sum- 
mation being made for all the sources which 
send light directly towards A. 

In illumination calculations it is usual to 
assume some simple form of polar distribution 
which approximates to that of the actual light 
source to be used. The great variety of tho 
polar curves of present-day sources make it 
useless to do more than give a single example 
of such calculations. For other examples 
tho reader is referred to some book on illumina- 
tion engineering, such as Gaster and Dow, 
Modem Illuminants and Illuminating Engineer- 
ing ; Trotter, Illumination .• ite Diatribution 
and Measurement ; Bohle, Electrical ETu>tometry 
and Illumination ; Uppenbom, LeJirbueh der 
Photometrie ; Steinmetz, Badiation, Light and 
Ilhmination; etc. 

§ (69) The Illumination Curve. — If 
we have a number of equal light sources 
of known polar distribution placed in line 
at a given height, the curve showing the 
variation of illumination along the line 
vertically beneath the sources can he very 
readily obtained. From the expression given 



A 

FIG. 60. 
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above, it is easy to obtain, from the polar 
curve of the source, the diagram connecting 
the illumination at a point P, due to a single 
source, vdth the horizontal distance of P 
from the source. This has been done in 
Fig, 61, where the heavy line is the curve of 

600 900 Candies 



20 

Distance in Metres 
'Flu, 61. 

- illumination along a line 10 metres below a 
source having the polar diagram shown. If 
now the sources be spaced 20 metres apart as 
shown in Fig, 52, a curve like that in Fig, 51 
is placed in its proper position under each 
source and the ordinates are 
added to produce the full line 
curve which shows the dis- 
tribution of illumination due 
to all the sources together. It 
will be obvious that the 
method may be applied to 
other arrangements of sources 
or to a variety of different 
sources, though the calcula- 
tions will not be quite so 
simple as in the case of the 
example given above. 

The curve of Fig. 62 is 
termed an illumination curve. 

It shows only the distribution 
of illumination along a single 
line. If it be desired to 
show the distribution over an area, this is 
most conveniently done by means of an 
iso-lux diagram, or contour map of equal 
illumination. Trotter i has described the 
method of constructing such a map. The 
simplest case is that of two sources. Strips 
of paper are marked off with a scale represent- 
ing the illuminations due to a single source 

p ^ Distribution and Measurement, 


at various horizontal distances from that 
source. Such a scale corresponding to the 
curve of Fig. 61 is shown at the base of that 
figure. Two such scales are pinned to a 
sheet at points representing the positions of the 
tw'o sources (see Fig. 63) and marks are made 
at the points of intersection of tho sc^ales 
where the sum of tho graduations has a given 
value. For example, the 4-lux contour is tho 
line joining the points whore tho scale marks 
0*5, 3-6 ; 1, 3 ; 1-6, 2*6 on tho two scales 
respectively are coincident. The complete 
contour map is shown in 
Fig. 53. Tho larger tho 
number of sources, the more 
complicated booomo the 
neobssary calculations. A 
largo number of such mai)s 
are given by Trotter {he. 
cit.)f Blondol, Upponbom,* 
Stoinmetz,8 and MaWiohal.* 

It will be soon that, 
although cither an illumina- 
tion curve or an iso-lux 
diagram may bo used to 
obtain a mental conooj)tion 
of the effect of a given 
system of light sources of 
known distribution, yet it 
is still necessary to have 
some definite figure by which the illumina- 
tion performances of two lighting systems 
may be compared. This is analogous to the 
comparison of the light-giving power of two 
sources by means of their average oandle- 





- “ ^ 



Total lllumir 

ation Curve 

- 

N 

y 

/• 


y 

s 

N. 

\ 

N 

N 

✓ 

/ 


y 

✓ 

- 








Distance in Metres 
Fro. 62. 

powers instead of by the more detailed but 
comparatively cumbrous polar diagrams, 

§ (70) The Avicraob Illumination. — 
Various suggestions have \mm made for a 
basis of comparison of different illumination 
systems. On the whole the average illumina- 
tion, or, what is equivalent to it, the average 

X pJPpoiaborn and Monasch, loc. cif. 

* Stdumetz, toe. cit, 

* Vmlairage h Faris. 
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flux per unit area (generally expressed in 
lumens per square metre or per square foot), 
has been most generally adopted for indoor 



illumination. This means that, for a direct 
lighting system where the reOection from walls 
and ceiling can be neglected to the approxi- 
mation desired, the average illumination in 
metre-candles will be equal to the total mean 
lower hemispherical candle-powers of all the 
sources in the room, multiplied by 2t and 
divided by the area of the room in square 
metres. 

(i.) The Variation Factor. — This system 
gives no indication as to the distribution 
of illumination over the room. If there be 
only a few sources of high candle-power 
the illumination will be concentrated in the 
regions underneath a source, leaving the outer 
parts of the room in comparative darkness. 
For this reason a second figure, giving the 
ratio of maximum to minimum illumination 
in the useful area of the room, has been 
proposed as an addition to the average 
illumination. This figure may be termed the 
“ variation factor.” 

(ii.) Trotter's “ Characteristic Curved — 
Another method of describing an illumina- 
tion system has been called by Trotter^ a 
characteristic curve. This is a curve having 
for its abscissae areas, and for ordinates the 
values of the minimum illumination over those 
areas. Thus, referring once more to the illu- 
mination diagram shown in Fig. 51, it will be 
seen that the illumination at all points within 
a circular area of radius 10 metres equals or 
exceeds 2*1 metre-candles. The area of this 
circle is 314 square metres, and therefore the 
point (314, 2-1) is a point on the oharactedstio 
curve which is shown in Fig. 54. Since the 
abscissae of this curve represent areas, the 
mean ordinate of this diagram, as far as any 
given ordinate, is equal to the illumination 
over the circle having an area represented by 
that ordinate. Thus the average illumination 

^ Loc. cit. p. 68. 


over a circle 1000 sq. metres in area is equal 
to the mean ordinate of the area OABC on the 
diagram, i.e. to 1*86 metro-candles. 

(iii.) BlocKs Method of calculating Average 
lllumincAion . — Two methods which have been 
proposed for the approximate calculation of 
the average outdoor illumination due to lamps 
having a given distribution will be shortly 
described. In the first, due to Bloch, ^ the area 
is divided into a number of rectangles so that 
there is a lamp in the centre of each rect- 
angle. The radius of the circle which has an 
area equal to that of the rectangle is then 
found, and the average illumination over this 
circle is obtained from the polar diagram of the 
source. This is equal to the total radiation 
emitted by the source within the cone having 
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the lamp as apex and the circle as base, 
divided by the area of the circle. 

In this method the effect of neighbouring 
lamps is neglected, making the calculated 
value too low; but^ on the other hand, the 
conversion of the rectangle into a circle makes 
the value too high, so that these errors tend 
to neutralise each other. Bloch proposes that 
for street lighting the value so obtained shall 
be multiplied by the factor (l-2-0*l7), where 
y is the ratio of the distance between the lamps 
to the width of the street. 

(iv.) FIdgner's Method of calculating Aver- 
age Illumination. — Hdgner’s method is more 
accurate, but rather more laborious. The 
reotangulaT area surrounding a source is 
divided into four smaller rectangles with 
their common comer at the point vertically 
below the lamp. Each of those four rect- 
angles is then further subdivided into still 
smaller areas by the construction shown in 
Fig. 55. Points Xj, Xg . . . Yj, Yj . . . are 
marked off on AB and AC, so that the lines 
L, Xa L . . . and Y^ L, Yg L . . . make angles 
of 10°, 20° . . . with the vertical. Mutually 
perpendicular ordinates drawn through X^, 
Xa . . . and Yx, . . . divide the area into 
a number of small rectangles such as PQRS. 
Now each of these rectangles is regarded as 
forming the base of a pyramid having L as 
apex, and the solid angle w, and the inclhiation 
to the vertical 9, of the lino joining its centre 

* EleUrot. Zeits.t 1906, xxvU. 493. 
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to L has heen found and tabulated for each 
such rectangle. It only remains,- therefore, to 
find the candle-power of the lamp at any angle 

and to multiply this by the value of w (in 
steradians), to find the total flux reaching 
the base of the pyramid. The total flux 
over the whole area being thus found by 
addition, the average illumination can be 
calculated. 

It will be clear that the illumination due to 
a given system of sources cannot be altered in 
distribution if the candle-power of all the 
sources be altered in the same ratio. It there- 
fore follows that to determine the candle-power 
required for a given illumination E^, using 
sources of known distribution arranged in 
a certain way, it is only necessary to calculate 
the illumination due to such a system of 
sources of candle-power J. Suppose 
this illumination is found to be E^. Then 
the candle-power required is JE^/E^. 

This refers equally to illumination at 
a point and to average illumination 
over an area. 

§ (71) Factors involved in Indoor 
Lighting Design. — ^What has been said 
above refers to the measurement or 
calculation of the 
actual illumination at 
a point, or the average 
illumination over an 
area, due to a given 
system of light 
sources. But it will 
be obvious that in 
designing any system 
of lighting the degree 
of illumination pro- 
duced is only one out 
of several factors, all of which have to receive 
consideration. Every particular case wiU pre- 
sent its own special problems, and only the 
most general rules can be given here as an 
indication of the principal factors which enter 
into the design of all lighting systems. 

The problems of indoor illumination must 
be treated quite separately from those of 
street lighting and outside illumination 
generally. The requirements of an indoor 
system may be briefly summarised as (1) 
adequate intensity, (2) proper distribution, 
(3) absence of glare, (4) avoidance of excessive 
contrasts — and these will be dealt with in turn. 
For a discussion of the particular problems 
presented by the many classes of indoor 
illumination, and of the manner in which these 
may be dealt with, the reader is referred to 
chapter ix. of Modem Illuminants and lUv- 
minating ’Engineering, by Gaster and Dow. 

§ (72) iLLtTMINATION REQTTIRED FOR VARI- 
OUS Processes, (i.) The Amount , — The neces- 
sary illumination for various types of room, 
workshop, etc., depends almost entirely on the 


nature of the work. For reading, writing, and 
similar work an illumination of 30 to 60 metre- 
candles has been proposed. For such places as 
foundries, where the illumination has to be 
general and no fine work is done, 10 to 20 
metre-candles is generally regarded as sufficient, 
while for a drawing-office 80 metre-candles 
is needed, and in the special case of a shop 
window, where display is required and the 
goods to be shown are of a dark colour, as 
much as 200 metre-candles may be used with 
advantage. Tables of the intensities suggested 
for various purposes have been frequently put 
forward.^ It has been found that for similar 
work with materials of different reflection 
ratios the illumination required is inversely 
proportional to the reflection ratio.® 

(ii.) Distribution of Illumination. — The 
proper distribution of the light is most 
important. A room in which nearly all 
the fight is concentrated in one com- 
paratively small area, while the re- 
mainder is in semi -darkness, cannot be 
regarded as well lighted. If work is 
carried on only at one or more particular 
parts of a room, a general illumination 
of 2 to 5 metre-candles should be pro- 
vided, with the addi- 
tion of local fights 
to give the necessary 
illumination at the 
points where it is 
specially needed. For 
reading, the light 
should preferably 
como from behind, 
while for writing it 
should come from 
the left front. 

(iii.) Avoidance of Glare. — The avoidance 
of glare is of the utmost importance if eye- 
strain is to be avoided and the light pro- 
vided is to be properly appreciated by the 
eye. Even sources of low intrinsic biil- 
liancy should be ‘shielded from direct vision, 
and it has been generally agreed that an 
intrinsic brilliancy of 3 to 5 candles per 
square inch should not be exceeded in any 
source, shade, or reflector which the eye is 
liable to see by direct vision. It is a matter 
of common experience that exposure to a very 
brightly illuminated surface renders the oye 
less capable of properly appreciating the forms 
of objects having a lower intrinsic brilliancy, 
so that if glare be not avoided a much higher 
general illumination is required. 

Excessive contrasts, generally in the form 
of deep shadows, are annoying to the oye in 
domestic lighting, and may be sources of the 
utmost danger in street or factory lighting. 

* Gaster and Dow, loc, cit. p. 329. 

, * Report of Departmental Committee on TAgUing 
in Factories and Workshops, i. 37. 
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On the other hand, an almost complete absence 
of shadow is most unsuitable for work requiring 
perception of fine detail, such as sewing, watch- 
making, etc.^ The attainment of the above 
requirements in any particular case is a matter 
requiring much experience of illumination 
engineering. 

(iv.) Direct and Indirect Lighting. — For the 
sake of convenience, systems of indoor light- 
ing have been classified as direct, indirect, 
and semi-indirect. In the first-named system, 
the light from the S(Durce reaches the area to 
be illuminated by a direct path and does 
not suffer any change of direction once it 
has left the lighting unit. In an indirect 
system, on the other hand, the light is all cast 
upwards to the ceiling, or to a reflector placed 
above the source, so that the light reaching 
the lower part of the room has suffered at 
least one reflection on its way. In the semi- 
indirect system of lighting, part of the light 
from the source illuminates tlie room directly, 
the remainder by reflection. In addition to 
the ceiling, the upper part of the walls has a 
considerable share in the distribution of the 
light from an indirect or semi-indirect system. 
Both of these systems, owing to the groat area 
from which the light is received by the lower 
part of the room, avoid all possibility of glare, 
and cause a very great softening of shadows. 
With a totally indirect system, the lack of 
shadow may bo so pronounced as to cause 
inconvenience if the room is used for certain 
kinds of work. 

Combination of indirect general lighting 
with direct local lighting is frequent and 
possesses many of the advantages of both 
systems. With indirect or somi-indireot 
systems and, to a less extent, with direct 
systems of lighting the reflection ratio of walls 
and ceilings has a marked effect on the in- 
tensity of the sources required to produce a 
given illumination. Walls with a very high 
reflection ratio may increase the illumination 
by 40 to 50 per cent over that obtainable with 
very dark walls.® In general it may be assumed 
that with a white ceiling the sources used in 
an indirect system of lighting require to have 
double the intensity of those used for a direct 
system. Useful tables of the consumption of 
power by various illuminants, when producing 
an illumination of one foot-candle on the 
working plane, have been given by Gaster and 
Dow ® and by Uppenbom.^ 

§ (73) Outdoor Illumination.— The re- 
quirements in the case of outdoor illumination 
are somewhat different. In street lighting 
the need is for as even an illumination as 
possible with the comparatively wide spacing 

^ Departmental Committee on lighting in JPactories 
and Workshops, loc. cit, 

* Gaster and Dow, loc. cit. p. 326. 

“ Loc. cit. p. 323. 

* Lehrlvwih der Photometries p. 179. 


necessary. This is partly accomplished, either 
by specially designed reflectors wMch con- 
centrate the light in a direction only slightly 
below the horizontal, or by placing the lighting 
units at a considerable distance above the road- 
way. A minimum illumination of 1 metre- 
candle is regarded as necessary for important 
thoroughfares.® 

Other problems which come under the head 
of outdoor Dghting are the illumination of 
railway platforms and goods-yards, parks, 
bridges, and open spaces. The illumination of 
signboards and building exteriors for spectacular 
purposes are also cases requiring special treat- 
ment. For these a work on illumination 
engineering should be consulted. 

§ (74) Daylight. — What has been said so 
far has been with reference to illumination 
by artificial light. But it will bo obvious 
that the methods of illumination measure- 
ment, and the photometers which have 
been described, may bo employed equally 
well for the measurement of daylight illu- 
mination. The chief difficulty met with, that 
of the great colour difference between day- 
light and the light from the comparison 
source used in a photometer, may be over- 
come to a certain extent by the use of a 
blue glass or gelatine filter between the com- 
parison lamp and the surface it illuminates 
(see § (101) in ** Colour Photometry*’). This 
has the disadvantage of reducing the illumina- 
tion of the comparison surface, whereas the 
illumination to bo measured is generally high 
in the case of daylight. This has led to the 
use of a yellow filter placed between the tost 
surface and the oyepiooo, but this has the dis- 
advantage that the transmission ratio of the 
filter may vary with the colour of the daylight 
to bo measured. 

(i.) Daylight Factor. — A further complica- 
tion in the case of measurements of interior 
illumination by daylight arises from the fact 
that the daylight is constantly varying in 
intensity. A simple metisuroment of the illu- 
mination at a point inside a room on a 
particular occasion, therefore, does not give 
the information required, for clearly this will 
depend on the illumination prevailing out- 
side the building, and hence a knowledge of 
simultaneous values of indoor and outdoor 
illuminations is essential if any information of 
permanent value is to be obtained. On a dull 
day with a grey sky, the illumination at a 
point inside a building boars a very nearly 
constant ratio to the illumination at a point 
outside. This ratio, expressed as a percentage, 
has been termed the daylight factor at the 
point and is taken as giving some indication 
of the illumination at the point when the 
outside illumination ds known. 

(ii.) Variations of Daylight. '---It is seldom 
* Gaster and Dow, loo. cit. p. 419. 
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realised hoTv rapid and how great are the 
variations which take place in daylight illu- 
mination, Some experiments on these have 
been described by C. C. Paterson and the 
author.^ 

The conditions exerting the greatest influence 
on daylight illumination are three, viz. (i.) 
time of day, (ii.) time of year, (iii.) meteoro- 
logical conditions. 

(iii.) Variation with Time of Day . — As to 
the first, experiment has ‘ shown that the 
gradual rise of illumination at sunrise closely 
corresponds with the fall at sunset, and that 
the change of illumination takes place at a 
more uniform rate when there is a dull grey 
sky than when the sky is blue and cloudless. 
The sunset and sunrise illuminations do not 
vary with the time of year, but only with the 
meteorological conditions, and may be assumed 
to lie, generally, between 100 and 500 metre- 
candles ; 260 metre-candles may be taken as 
a fair average value. 

(iv.) Variai,ion with Time of Year . — As to 
the variation with time of year, the average 
results of a very large number of observa- 
tions extending over nine months gave the 
curves shown in Fig* 66 for the variation of 



daylight from 6 a.m, to 7 p.m. on average days 
at different times of the year. On this diagram 
the horizontal scale represents the time of day, 
and the vertical scale foot-candles of illumina- 
tion under an open sky. There are three 
curves, representing average days in June, 
September, and December respectively. A 
horizontal line has been drawn through the 
curves at the 500 foot-candle level for the 
purpose of illustration, and it will be seen that 
the line cuts the December curve at 10 a.m. 
and 2 p.m. It follows that any room in a 
building for which the daylight factor is below 
0-2 per cent will have less than 1 foot-candle of 
daylight illumination before 10 a.m. and after 
2 P.M. on an average day in December, while 
in June the corresponding times are 6 a.m. and 
6 P.M. respectively. 

It may be said, further, *that there is, on the 

* First Report of the Departmental Committee on 
Lighting in Factories and Workshops, 1915, i. 63. 


average, an outside illumination of about 100 
foot-candles 30 minutes after sunrise and 
before sunset, so that a position in any building 
with 1 per cent daylight factor has, on the 
average, an illumination of 1 foot-candle 30 
minutes after sunrise and before sunset. 

Although the sunrise and sunset illumina- 
tions do not vary appreciably from summer to 
winter, the mid-day illumination falls from an 
average of about 4000 foot-candles in June 
to 700 foot-candles in December, the inter- 



mediate distribution being of the nature of 
that shown in Fig, 67. 

(v.) Variation with Meteorological Conditions. 
— The variations in the daylight illumination 
arising from even small changes in atmospheric 
or cloud conditions are often surprisingly great 
and take place with extreme rapidity. The 
diagrams in Fig. 68 show the magnitude of 



Time of Pay 



3*40 3*45 3-50 S‘S5 4*0 

Time of Day 

Pig. 68. 


such variations on representative days. The 
first gives an approximate record of the day- 
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light illumination observed on a bright day in 
March (17th), when there was a large number 
of grey and white clouds over the sky. The 
second shows the comparative steadiness 
found on a day with a very uniform and dull 
grey sky at the same time of year (March 30th). 

It will be seen from the first example that 
the illumination may vary by upwards of 80 
per cent within a few minutes. Also two days 
of a different type, though in the same month, 
may give widely different average illumination 
values at the same time of day. Thus the 
midday illumination on one day when it was 
very dull and drizzling was 150 foot-candles, 
while three days later, at the same time of 
day, it was 1200 foot-candles. Of the various 
factors affecting the illumination, the number 
and brightness of the clouds arc, perhaps, the 
most important. A bright cloud upon which 
the sun is shining has a brightness far exceeding 
that of the surrounding blue sky, and as such 
a cloud changes its position in the heavens its 
brightness, as well as its capacity to produce 
illumination at any particular position, will 
both change considerably. With a large 
number of such clouds in the sky it is not 
surprising that the illumination should fluctuate 
rapidly. The clearness of the atmosphere, too, 
has naturally a considerable influence on the 
illumination, but this effect is not capable of 
such rapid variations as that due to clouds. 
The probable limits between which the day- 
light illumination at any time may be ex- 
pected to lie are indicated in the table. The 
values there given arc based on months’ 
observations taken at the National Physical 
Laboratory from March to December 1914. 
Observations over a more extended period 
might lead to some modification of the averages 
given. The values of illumination considered 
throughout arc those measured on a horizontal 
plane placed in an open field with a i)ractically 
unobstructed horizon. The direct sunlight 
was always shielded from the test cards. 

Tablh 


Midday Illumination (I’oot- 


Month. 

candles). 


Highest. 

Ijowest. 

Mean. 

1914. 




April . . 

6340 

710 

3200 

May . . 

5430 

1060 

3200 

June . . 

6100 

2420 

4100 

July 1 

Sufficient observations not 

August f 


available. 


September . 

3030 

870 ! 

1180 

October 

2C10 

152 ! 

1300 

November , 

2600 

130 

1100 

December . 

1100 

360 

720 


§ (75) Measurement of DAYLTaxiT Paotor, 
— In view of what has been said above as to 


the variability of daylight, it would appear 
that the only satisfactory method of specifying 
the daylight illumination of a room is by its 
daylight factor, either the minimum, or an 
average for the whole room, being taken. 
This involves simultaneous measurements of 
illumination inside and outside the building. 

A convenient method of arranging this is to 
have one observer taking readings at regular 
one-minute intervals on a test plate so situated 
that it receives unobstructed light from the 
whole sky. At the same time, another observer 
inside the building takes readings at convenient 
intervals (consisting of an integral number of 
minutes), and the daylight factors are sub- 
sequently calculated from the two sets of 
data. This was the method adopted by the 
author in making 4000 measurements of day- 
light factors for the Home Office Committee 
on Lighting in Factories and Workshops. 
(Beport, vol. iii.) 

§ (76) Trotter Photometer Daylight 
Attachment. — There is one difficulty in apply- 
ing the method to buildings in crowded areas, 
viz. that of finding a sufficiently open space for 
the outside measurements. This may be par- 
tially overcome by the ailoption of a device 
described by Trotter and Waldram. It may be 
readily shown that if E bo the illumination of a 
test plate which is receiving unobstructed light 
from a complete hemisphere of sky of bright- 
ness B, then Ea= 7 rB. If now a vertical tube 
be placed over the test plate, and if an opening 
at the upper end of this tube be of such a size 
that the solid 
angle it subtends 
at the centre of 
the tost plate is 
27r/l()00, then the 
illumination of the 
test plate will bo 
only 2 F/ 1000 , so 
that by providing 
the top of the tube 
with discs of vari- 
ous known aper- 
tures, the bright- 
ness of the test 
plate can be re- 
duced to a corre- 
sponding fraction 
of the illumination 
it would have 
received from the 
whole sky. The jig 55 

method of apply- 
ing this to the Trotter photometer is shown in 
Fig, 59. Thus only a very small proportion of 
unohstnioted sky is needed, but of course the 
assumption is made that the sky is uniformly 
bright all over, and this is usually very far from 
being the case except with a dull grey sky. 

It is usual, in making daylight illumination 

2 G 
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measurements, to shield direct sunlight from 
the test card, though the fact that this has 
been done is generally stated. The average 
daylight factor for side-lighted rooms of usual 
construction varies from 0*25 to 1 per cent. 
A room where the average daylight factor is 
4. per cent or over may be considered to 
possess exceptionally good natural lighting. 

VI. Life Testing of Inoandesoent Lamps 

§ (77) Connection between Life and Effi- 
OIBNOY. — There are, in the main, two charac- 
teristics of an electric glow-lamp which deter- 
mine the quality of its performance from the 
economic point of view. The first of these is 
its efficiency — i.e. the candle-power which it 
gives per watt of electrical energy consumed — 
while the second is its life, i.e. the number of 
hours for which it may be expected to give 
this candle-power within certain specified limits. 
These two characteristics are so intimately 
coimeoted that if the efficiency be increased by 
raising the voltage applied to the lamp ter- 
minals the life is inevitably reduced. This 
fact will at once explain both the great im- 
portance of the life testing of electric lamps 
and the necessity for ensuring that such a life 
test is carried out under the efficiency condi- 
tions at which the lamps are to operate in 
practice. 

§ (78) Pall of Candle - power, and 
“ Smashing-point.” — In general, it is found 
that the candle-power of an electric glow-lamp 
of either the carbon or tungsten filament type 
falls gradually as the lamp is run (after a 
short initial period of somewhat uncertain 
behaviour, generally including a preliminary 
rise), and this fall of candle-power continues 
until the filament is fractured either by acci- 
dental mechanical shock or by some appar- 
ently spontaneous action while in use. It may 
frequently happen that the fall in efficiency 
of the lamp, after a certain period of time, 
reaches the point at which the additional 
power necessary to give the requisite amount 
of light is more expensive than the replace- 
ment of the lamp by a new one. The point 
at which this occurs is often termed the 
“ smashing-point ” of the lamp, and it is for 
this reason that it is necessary carefully to 
define the term “ useful life ” as applied to 
an electric lamp. Very frequently this is 
defined as the time which elapses before the 
candle-power falls to 80 per cent of its^initial 
value (the voltage being maintained constant 
throughout the run), or to previous failure, 
provided this does not take place by accidental 
means (i.e. when the lamp is not burning). 

§ (79) Life-test Conditions. — A life test 
may be made under several different sets of 
conditions, and these conditions must be 
carefully specified in order that the desired 


information may be afforded by the test. 
The simplest form of test is that in which 
the lamps are run throughout at constant 
(generally rated) voltage, all the photometric 
measurements being made at this voltage. 
Such a test does not, however, give the most 
reliable information as to the life performance 
of a set of lamps. Since life testing must 
necessarily be by sample, it is essential that 
the conditions under which the sample lamp 
is run shaE be such as to give the nearest 
approximation to the average life of the lamps 
which it represents. This is best attained by 
a test at definite efficiency, i.e. the average 
working efficiency of the batch of lamps re- 
presented by the life-test lamps. This of 
course involves the adjustment of the voltages 
on each of these lamps to the values at which 
they give this definite efficiency. In general, 
therefore, each life-test lamp must run at a 
voltage peculiar to itself, and provision must 
be made for this arrangement in designing any 
equipment for the life testing of electric lamps. 
A less satisfactory alternative, when this correct 
procedure is not possible, is to select as life- 
test lamps those whose efficiency at rated 
voltage happens to be nearest to the mean or 
rated value. These lamps are then tested for 
life at rated voltage. 

§ (80) Eoroed Life Test. — The life of 
most modem electric lamps at normal working 
efficiency is from 500 to 2000 hours, and many 
attempts have been made to avoid the long 
delay occasioned by tests such as those de- 
scribed above, and to substitute tests at a 
higher efficiency. By this means a shorter life 
is obtained, and then some form of correction 
factor is applied in order to calculate the life 
at normal efficiency. Such a test is termed a 
“ forced ” life test. The chief difficulty of this 
method lies in the fact that correction factors 
differ widely for lamps of different construc- 
tion, and reliable factors can only be obtained 
as the result of life tests of large numbers of 
similar lamps under normal and " forced ” 
conditions. Even with this information the 
correction factor can only be applied over a 
comparatively small range of efficiency, but 
nevertheless a considerable amount of time 
is saved by adopting this procedure where 
accuracy is of less importance than speed. 
The subject of the correction factors applied 
in forced life tests will be referred to again in 
the concluding paragraphs of this section. 

§ (81) Life -TEST Installation. — From 
what has been said above, it will be clear that 
in any life-test installation two requirements 
of first importance are (1) a current supply of 
which the voltage is carefully regulated, and 
(2) arrangements for applying any desired 
voltage to each particular lamp on test, 
j The apparatus used for this purpose at the 
I large testing laboratories are generally similar 
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differing only in details of arrangement. The 
description here given is of the installation at 
the National Physical Laboratory, ^ but that 
of the Bureau of Standards ® is not greatly 
different in general principle. 

§ (82) Voltage Eegxtlation. — An alter- 
nating current supply of 65 cycles and 240 
volts from a dynamo, coupled with a Tirrill 
regulator, feeds an autotransfonner from which 
leads are taken to a number of racks supported 
in an iron framework. A diagram of the 
wiring of one of these racks is shown in Fig. 
60. The pick-off points of the transformer 






Voltmet&r 







240 i/olt Generator 


'em. 60 . 


permit of any desired voltage in steps of 
5 volts being applied to the loads of any 
rack. This voltage is further adjustable by 
moans of a series resistance so that if lamps 
are being run at specified voltage they can bo 
put in the sockets on the rack, and the ter- 
minals TiTj, TgTj, etc,, can be connected by 
short pieces of copper wire. More frequently, 
however, the voltage at the terminals of each 
lamp on the rack is different, and then small 
rasistanoes of the form shown at E in Fig, 61 



are inserted between the terminals TiT^, 
TgTg, etc. Each of those resistances is, to 
the nearest tenth of an ohm, that required to 
give, with the current taken by the lamp to 


' Paterson and Rayner, lUum. Bng., Ijondon, 
1008, i. 845. 

“ Middlckanff. Mulligan, and Skogland, Bv^reati 
of Standards Bull., 1016, xii. 607. 


which it applies, the necessary voltage drop 
between the rack leads and the lamp terminals. 

§ (83) Candle-power Measurements. — 
Before the lamp is put on life tost, measure- 
ments of candle-power and current at various 
voltages are made in the usual way (see § (20)), 
and the voltage at which the desired efdciency 
is obtained is then deduced. This voltage 
then becomes the life -test voltage of the lamp, 
and no attempt is made to alter this voltage 
as the efficiency of the lamp falls with lapse 
of time. Further, the candle-power measure- 
ments at stated intervals duiing the run are 
made cither at this life-test voltage or, more 
frequently, at rated voltage. These measure- 
ments are often made at the expiration of 
0, 60, 100, 200, and each subsequent 200 hours 
after the commencement of the test. In the 
case of a forced tost the intervals at which 
candle-power measurements are made may be 
much shorter than this, as the total life is 
reduced in length. 

§ (84) Position op the Lamps. — ^The card 
shown in Fig. 01, close to a lamp, is a very 
useful auxiliary in practical working. It 
shows, for the lamp in question, the reference 
number of the lamp, its position on the life- 
tost rack, the voltage aj)pliod across the rack 
leads, and the resistance necessary to reduce 
this voltage to the life -test voltage of the 
lamp. The racks are so arranged on their 
framework that the lamps can bo burnt 
upright or pendent, the latter being the more 
usual condition. The racks are inspected at 
frequent intervals and failures are noted, as 
far as possible, to the nearest hour. It is the 
usual practice to regard any lamp, the filament 
of which fractures when no current is i)assing 
through it, os having been accidentally broken. 
The results on such a lanq) are then not 
included in determining the average life of the 
group to which it belongs. If the filament of 
a lamp break, and fall aisross another portion 
so as to complete the circuit through the lamp 
and cause it to bum, that lamp is nevertheless 
rogardiul as broken, and removed from the test. 

§ (86) Life -TEST CunvES. — Lamps are 
generally run until failure of the filament 
occurs, or until the oandlo-powor, measured 
at one of the intervals mentioned above, shows 
more than 20 per cent drop below the initial 
value. The interpretation of life-tost results 
is a matter requiring very careful considera- 
tion. It is usual to draw the oandlo-power 
timo curve for each individual lamp, and then 
to draw two curves showing respectively the 
average candle-power and the average value 
of watts per candle for the whole number of 
lamps burning at any timo. Thus in drawing 
those latter curves, lamps removed from the 
tost, either on account of breakage or candle- 
power fall, are not included in computing the 
averages for times subsequent to their removal. 
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A set of such curves for a batch of six lamps 
is shown in Fig. 62, where the individual 
candle-power curves are shown on the left, 
and the mean candle-power and average 
watts-per-candle curves are shown respectively 
above and below on the right. The removal 
of a lamp from the test is indicated by an 
arrow at the appropriate point on the time 
scale. 

§ (86) Interpretation of Results. — For 
specification purposes, however, it is desirable 
to have, in addition to the fuU information 
afforded by the curves, some figure of merit 
for the life-test lamps by which it may be 
possible to judge of the probable performance 
of the lamps they represent. The figure 
adopted by the British Engineering Standards 
Association in this country is the “ test life,” 
defined as the average number of hours burnt 
by all the lamps in a group throughout a 
specified running period. It is therefore the 
total number of hours burnt by all the lamps 


at which the lamp absorbs 1*23 watts per 
candle.® 

The second method is to run the lamps at 
the voltage which gives them, initially, some 
specified watts per candle higher in efficiency 
than the normal by a constant amount. 

The life-test voltage having been determined 
as above, it is usual to make the photo- 
metric measurements at rated voltage for 
the sake of consistency and simplicity in 
records. Since the life test is considerably 
shortened in length of time taken, the intervals 
between the photometric measurements are 
correspondingly reduced. 

§ (88) Reduction of Forced Life Re- 
sults. — It is usual to reduce the life results 
of a forced life test to those of a tost at normal 
efficiency by means of a relationship such as 
the following : 

(Life) = (constant) x (watts per candle)**. 

For although Cady ® and Edwards * have 



in a group, throughout each running period, 
divid^ by the number of lamps. 

§ (87) Forced Life Effioibnoibs. — The 
advantages of speed and economy of power 
possessed by a forced life test were pointed 
out earlier in this article, as well as the diffi- 
culties attending the correct interpretation of 
such tests. These difficulties are diminished 
in proportion as the extent of the “ forcing ” 
is reduced. The extensive life tests carried 
out at the Bureau of Standards ^ are made at 
efficiencies corresponding to about 0-9 to 0'96 
watts per oandle for tungsten lamps rated at 
from 1 to 1‘16 watts per candle, and in many 
other cases the use of forced life tests is 
customary. 

The determination of the conditions at which 
a forced test is to be run may be made in two 
different ways. The first method is to measure 
the voltage at some stated watts per oandle, 
and to multiply this by a constant factor to 
determine the forced test voltage. A forced 
test voltage in common use with this method 
in America is 130 per cent of the voltage 


1 mddle^uff. Mulligan, and Skogland, he. eit. \ 
and Am. lUum. Eng. See. Tram., 1916rx. 814. 


shown that Ti, is not constant over a wide 
ra;nge of variation of the efficiency, yet 
within the limits of 16 per cent in voltage 
above and below normal the error in the 
computed life will not bo serious if the departure 
of the efficiency from the normal value is not 
too great. Lewinson has shown® how much 
the value of the exponent n depends on the 
construction and typo of the lamp under 
test. For 100*watt lamps of various construc- 
tions this exponent varied from 6*2 to 8^2 
Trith a mean of 7*4. For lamps of various 
sizes the value of n was also found to vary 
according to the following table : 


■Watts. 

n. 

Watts. 

ti. 

15 

6-8 

40 

7-4 

20 

7-2 

60 

7-rt 

26 

7-3 

100 

7-8 


Middlekauff, Mulligan, and Skogland ® use 


Lewinson, Am. XUrnn. Eng. Soc. Trans., lOiO, xi, 

4 ^**<*w«M 1008, HI, 450. 

J 0^. 1914, xvli, 282. 

Loc. <nt. p. 822. • jjoc, p, 320 . 
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the value 7-4 for all sizes of tungsten lamps 
from 25 watts upwards, and the value 6*83 
for carbon lamps. 

The same v^ue of n cannot be applied to 
all interpretations of a forced life test. The 
figures given above refer to a “ useful life ” 
interpretation, i,e. life to 80 per cent of initial 
candle-power or earlier bum-out. For the 
60-watt lamp the value of n given by Lewinson 
for a “ total ” life interpretation — i.e. life to 
bum-out — ^is 6*6, while for an 80-per-cent life — 
i.e. life to 80 per cent of initial candle-power 
with all bum-outs eliminated — ^it is 7*6 instead 
of the figure of 7*6 given in the table above. 

An important factor in the loss of candle- 
power during the life of a lamp is the blackening 
of the bulb, especially if this be small compared 
with the size of the filament. Some lamps 
contain bulb - blackenmg preventives, which 
depend for their effective operation on the 
temperature of the bulb. It will be clear that 
if the variation of the action of this preventive 
with change of temperature is different in two 
classes of lamps the life efficiency factor will 
be different also, and this effect requires 
consideration when forced life tests are being 
made. 

§ (89) Special Life - test Conditions. — 
What has been said above applies, in the main, 
to life tests of all classes of lamps, but in the 
case of lamps required for use under special 
conditions it is often desirable that the life 
test should be carried out as nearly as possible 
under the conditions of use of the lamps 
represented. Thus, for examifio, lamps to be 
used in confined spaces should be represented 
on life tests by lamps burning in similar-sized 
spaces. Lamps to be run off small-capacity 
portable accumulators, where the lamp may be 
subjected to appreciable over-voltage at the 
beginning of each run, may bo required to be 
tested for life on a circuit in which this over- 
voltage is imitated. Special life tests of this 
nature require special arrangements of the 
electrical circuits. 

§ (90) NmiBBR OF Lamps required for 
Life Test. — It is also desirable that the 
number of life-test lamps should be a larger 
percentage of the total number of lamps 
represented than is the case with more normal 
tests. The standard specification of the 
British Engineering Standards Association 
calls for a life test on at least one-half of one 
per cent of the lamps in a batch, with a 
minimum of five lamps, in the case of ordinary 
tests, and this number should be doubled or 
trebled in the case of special or of forced tests. 

§ (91) Dependence of Life on Voltage. 
— ^When setting up lamps on life tost it is, of 
course, necessary to ensure that failure of one 
lamp does not entail excess voltage on any 
of the others. Thus life-test lamps must not 
be set up in parallel on a circuit containing 


any appreciable external series resistance, 
otherwise the failure of one lamp will increase 
the effective resistance of the lamp portion of 
the circuit, with consequent rise of voltage, to 
act adversely on the life performance of the 
remaining lamps. Constancy of voltage is, in 
fact, one of the chief requirements of a reliable 
life test, and the B.E.S.A. Specification, referred 
to above, calls for a limit of variation which 
shall not exceed 1 per cent as regards 
momentary fiuctuations, or what is appreciable 
on an ordinary large-scale type indicating 
voltmeter as regards permanent error in the 
voltage at which the lamps are run. The 
reason for this requirement is readily under- 
stood from the high value of the life efficiency 
characteristic when it is remembered that this 
means a life- voltage exponent of between 15 
and 20 for a vacuum-tjrpe tungsten-filament 
lamp. The degree of dependence of life upon 
efficiency for gas-filled lamps has not yet been 
determined, and it wall probably prove to bo 
extremely variable owing to the large number 
of independently variable conditions in this 
type of lamp. 

§ (92) Effect of Alternating or Con- 
tinuous Current. — It has been customary 
to consider that a life test may bo run on 
either continuous or alternating current, and 
experiments by Mongini ^ show that the 
results obtained by both methods are practi- 
cally identical. The same conclusion is 
reached by Merrill, Cooper, and Blake,* who 
found that actual switching on and off did 
not appreciably affect the life of the lamps. 
If, therefore, it be assumed that the only effect 
which might have a tendency to decrease the 
life on alternating current is that of the rush 
of current which takes place when a metal 
filament lamp is first switched on (duo to tho 
lower resistance of tho filament when cold), 
the smallness of tho effect on tho life found 
for actual switching on and off can only be 
diminished when tho current impulses follow 
one another so rapidly that the degree of 
cooling in the filament is comparatively slight. 

VII. Hetbroohromatio Photometry 

§ (93) Effect of Colour Difference 
IN Photometry, — In the other sections on 
photometry it has been assumed throughout 
that the two surfaces whose brightnesses are 
being compared appear to the observer to be 
of the same colour. Such a oondition is, 
however, the exception rather than the rule 
in practical photometry, except in oases where 
tho work is confined to tho measurement of 
sources which are very uniform in character. 
Tho eye is a very sensitive judge of colour 
difference, and when two exactly similar 

' Aiti dflW A 880 C. Klettr. Ital, 1913, xvil. 690. 

• Am. I.B.E. Pfoc., 1910, xxix. 946. 




454 


PHOTOMETRY AND ILLUMINATION 


surfaces are seen side by side in a photometer 
(as, for example, in the Lummer-Brodhun head), 
if they are illuminated by two tungsten lamps 
operating at efficiencies differing by as little 
as 2 per cent, a colour difference is just per- 
ceptible to the eye of a practised observer. 

Actually, in such a case, the light given by 
the less efficient lamp is very slightly yellower 
than that given by the other, but the appear- 
ance in the photometer head is, by contrast, 
that of a slightly pink patch on a bluish field 
and vice versa. Even such a very slight colour 
difference as this is sufficient to reduce quite 
seriously the accuracy of a photometric 
balance. The colour difference makes it 
impossible to obtain exact equality between 
the two halves of the field, and the eye has 
to allow for the difference in hue when en- 
deavouring to obtain a balance of brightness. 
Of course much more serious differences are 
met with in practice when comparing electric 
glow-lamps with flame standards, or when 
measuring gas or acetylene sources by means 
of electric glow-lamp sub-standards. When 
it is a case of measuring daylight iUuraination, 
or the light from a high-intensity electric arc 
by means of tungsten-filament sub-standards, 
direct comparison becomes very inaccurate 
indeed, and the majority of observers will, on 
different occasions, obtain readings differing 
by as much as 20 per cent. Further, different 
observers do not obtain results in agreement 
with one another, and it is therefore necessary 
that special methods shall be adopted for the 
comparison of lights in which the colour 
difference exceeds even a small amount. 

• § (94) Methods oe Heteroohromatio 

Photometry. — Theoretically no physical 
equality can ever be obtain^ between lights 
of different colours, because the thiugs being 
compared differ in kind as well as in degree. 
But physiologically it is a matter of experience 
that, provided the difference in kind be not 
too great, equivalence in degree can be 
established within assignable limits by 
observers having normal vision For even 
when signal-green and ruby-red lights are 
being compared, it is possible to raise the 
brightness of the green to such a degree that 
no doubt is left in the observer’s mind that 
the green is definitely the brighter of the tw^o, 
while similarly there is a much lower intensity 
at which the red can quite confidently be 
asserted to be the brighter. The aim of 
heteroohromatio photometry is to reduce 
these limits as muoh as possible for the oases 
met with in practical photometry, and this 
problem has been attacked, in the main, along 
three lines, viz, : (i.) the flicker method, (ii.) 
the use of coloured glass or gelatine filters or 
solutions, and (iii.) the division of the colour 
difference to be dealt with into a number of 
smaller colour steps. 


§ (95) The Fliokbr Photometer. — The 
flicker method depends upon the pheno- 
menon of visual diffusivity in the human 
eye (see article on “ The Eye,” § (19)). 
^^en two bright surfaces are presented 
to the eye in rapid alternation a flicker 
is perceived, the degree of which depends 
both on the rapidity of the alternation and 
also on the identity of the two surfaces 
as regards brightness and colour. The more 
nearly identical the surfaces the slower the 
speed at which flicker ceases to be percep- 
tible, and the principle of the flicker photo- 
meter lies in producing a rapid alternate pre- 
sentation of the two comparison surfaces to 
the eye of the observer, and the adjustment 
of their relative brightnesses until no flicker 
is observed at a comparatively low frequency 
of alternation. 

§ (96) The Whctman Photometer, — 
Several instruments have been designed on 
this principle. That of Whitman ^ is shown 
in plan in JFig . 63. C is one comparison 



Tig. 63. 


surface, and AB the other. AB consists of 
a disc of the shape shown in the right-hand 
bottom comer of the figure. Rotation of 
AB about the axis K causes the eye at F 
to see first one and then the other comparison 
surface in succession. A photometric balance 
can be repeated with this instrument to about 
2 per cent when using lights of the same hue. 
The accuracy is of course less with different 
coloured lights. 

§ (97) The Beohstbin Photometer. — 
Rood employed a plano-concave cylindrical 
lens oscillating in front of a Ritchie wedge so 
that first one side and then the other was 
brought into the field of view. This principle 
has been developed by Bechstein,* who uses 
the lens and prism system shown at L in 
Fig. 64. In the position shown in the figure 
the eye at A sees a circular field of which the 
outer annular portion is due to the right-hand 
side of the prism P, while the inner circular 
portion is due to the left-hand side of P. If 
now L be rotated as a whole through 180*^ the 

^ Phys . Rev ., 1895-96, iii. 241. 

* ZeUs . Imtfumentmk ., 1916, xxvl. 249 
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outer and inner parts of the field arc respect- 
ively illuminated by the left- and right-hand 
sides of P, so that as L is rotated by a small 



■ 





L 

^1 
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Fig. 64. 


electric motor an alternation of contrast is 
obtained in the field of the photometer. 

§ (98) The Simmanob-Abady Photombtbe. 
— ^In the flicker photometer of Simmance and 
Abady ^ a plaster disc consisting of a com- 
bination of two truncated cones 
is used. Its formation may bo 
best understood from Fig, 65. 
ABCD and EFGH are two exactly 
similar truncated cones, divided 
respectively by the planes AC 
and EG. The portions ABC and 
EGH are removed, and EEG is 
then placed on ACD so that the 
resulting solid has the form shown 
in Fig, 66, which represents it as 
seen odge-on in four positions 90° apart. It 
will be clear that if the two sides of such a 
disc bo illuminated by the two sources to 
be compared, the line of demarcation will 
swing back and forth across the field of view 
for every rotation of the disc, and thus a 



FIG. 66. 


flickering field will be obtained as before. 
Discs designed on an exactly similar principle, 
and giving 4 or 8 alternations instead of 2 
for each rotation, have been designed by 
Kriiss.® 

§ (99) The Wild Piiotometjmi. — The 
flicker phot(^moter designed by Wild * consists 
of a Bunsen disc in which a semicircle or two 
quadrants are waxed, the remainder of the 
disc being plain. It is mounted so as to be 
perpendicular to the direction of the beams 
of light to bo compared, and both sides of 
the disc are viewed simultanocmsly by means 
of mirrors. Rotation of the disc by clockwork, 
or by a small electric motor, produces the fiokl 
alternation. The criterion in this photometer 
is not absence of flicker, but equality of flicker 
on both sides of the field. It therefore possesses 
the advantage that the appearance of the 

» Pirn. Soc. Proc., 1903, xix. 30. 

* Instrumentenk., 1.005, xxv. 08. 

» JUum. JEng., London, 1908, i. 825. 


field, when out of balance, indicates the 
direction in which the head has to be moved. 
This instrument has been stated to have a 
sensitiveness of 0-6 per cent with lights of the 
same colour and 0-9 per cent when comparing 
red and green lights. 

§ (100) Eefeot of Speed on Sensitivity 
OP Flicker. — The speed of a flicker photo- 
meter has a very noticeable influence on its 
sensitivity. Dow * has investigated this 
problem and finds that for lights of different 
colours the speed giving maximum sensitivity 
is much higher than it is for fights of the same 
colour. The range of speed over which 
maximum sensitivity is obtained is also more 
restricted in the case of different coloured 
lights. The most favourable speed varies 
both with the illumination and with the 
difference of colour of the two fields, the 
results obtained when comparing green and 
white lights being shown graphically in Fig. 
67. The abscissae are frequencies of field 



alternation (i.e, the number of change*; per 
minute), while the ordinates show the por- 
oontago change of illumination which can 
bo made without flicker, i.e. the difference 
between the illumination ratios at the two 
positions at which ilicker just begins to 
appear. The accuracy of sotting can be 
made much closer than this, sinco the mean 
of the two positions at which flicker is just 
porooptiblo may ho taken as the position of 
balance. For illuminations greater than 20 
motro-candloH the range of sensitivity is 
approximately the same as for that illumina- 
tion, while it can also he assumed that a 
colour difference less than that of the experi- 
ments will give a greater range of speed for 
maximum sensitivity, and that the actual 
speeds will he lower, tending to limits of 500 
* Electrician, 1907, llx. 256. 
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to lOO for UgHts of the same colour when the 
illumination is 2 metre-candles. 

§ (101) The Colour-eilter Method. — ^A 
second method by which it has been proposed 
that lights of different colours should be 
compared is that involying the use of some 
coloured medium which will either (a) bring 
the hue of one light to approximate equality 
with that of the other, or (6) enable a com- 
parison to be made of the relatiye intensities 
of both lights at some particular part of the 
spectrum. To the former class belong the 
“ photometric ” gelatine j&lters devised by 0. K. 
Mees.^ In § (6) “ Visibility ’* of the article 
“ The Eye ” ( q . v .) it has been stated that a 
curve may be constructed showing the relative 
brightnesses which the average eye will assign 
to equal quantities of energy at different parts 
of the visible spectrum. This curve, called 
the visibility curve, is shown in Mg. 2 of that 
article, and if its ordinates be multiplied by 



the relative energy emissions in the different 
wave-lengths, of a given source of light, a 
curve will be obtained showing the relative 
contributions of the different parts of the 
spectrum given by this source to its total 
luminosity. Such a curve for a black body at 
a temperature of 2000® El is shown in Fig. 68, 
curve A. 

Now by means of a spectrophotometer 
(see article on “ Spectrophotometry ”) the 
transmission ratio of a coloured transparent 
medium may be measured for light of any 
wave-length. If, then, the ordinates of curve 
A in Fig. 68 be multiplied by the corresponding 
transmission ratios of a colour filter, a curve 
will be obtained showing the luminosity 
reaching the eye through the filter. Such a 
curve is shown in Fig, 68, curve B. The 
ratio of the areas of the two curves A and B 
gives the over-all transmission ratio of the 

^ Amer . JUum . Mng . Soc . Trans ., 1914, ix. 990. 


filter for light of the spectral distribution 
assumed, and hence this value of transmission 
ratio can be assumed for all sources the spectral 
distribution of the light from which approxi- 
mates to that of the curve used for the 
calculations. 

§ (102) Comparison op dippbrent 
Coloured Lights. — ^In this way a tungsten- 
filament lamp, or even daylight, may be 
compared with a flame standard by using a 
blue colour filter, which, when placed 'between 
the standard and the photometer, will produce 
a colour match in the photometer head. A 
knowledge of the energy distribution curve of 
the standard and the visibility curve of the 
average eye gives at once the luminosity curve 
of the standard. This* and the transmission 
ratio curve of the filter give the over-all 
transmission ratio of the filter for the light 
from the standard, and hence the candle-power 
of the combination of standard and filter. 
Instead of a blue filter in front of the standard 
it is often desirable to use a yellow filter in 
front of the light of higher efficiency. In this 
way an undue reduction of candle-power on 
one side of the photometer may bo avoided. 

The above process of finding the transmission 
ratio of a colour filter is very laborious, and a 
less fundamental but much simpler method is 
that employed at the Bureau of Standards 
and at the Physikalisoh-Technische Eeiohs- 
anstalt. . In this method it is assumed that 
the mean value of candle-power obtained by 
a large number of observers with a direct 
comparison photometer, such as the Lummer- 
Brodhun, approximates very closely to the 
true value even when the colour difference 
involved in the comparison is considerable. 
The transmission ratio of a colour filter is 
determined by comparing the candle-power 
of a given lamp (of Hefner flame colour) with 
a standard ( a ) without the filter and { b ) with 
the filter placed between the lamp and the 
photometer head. The ratio of the candle- 
power in case (6) to that in case («) is then 
assumed to be the transmission ratio of the 
filter for light of that colour, and the combina- 
tion is used for tho determination of candle- 
power of test lamps as usual. 

The advantage of this method over a direct 
comparison involving colour difference in every 
case is that the determination of transmission 
ratio can be made by a largo number of 
observers, and when this has been done; the 
photometry of test lamps involves no further 
colour difference, so that a much smaller 
number of observers is sufficient. 

§ (103) The Crova Wave-length Method. 
— ^The second alternative, of using a colour 
filter having only a narrow band of trans- 
mission in the yellow part of the spectrum, 
was suggested by Crova in 1881.** He found 
* Cmptes JRe ^ idus , 1881, xciii. 612. 
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that if the visibility curves of various sources 
having approximately the same spectral dis- 
tribution as a black body at various tempera- 
tures were plotted with equal total areas, 
these curves all intersected, Le, had equal 
ordinates, at the wave-length 0-582 /i. It 
therefore followed that a comparison of such 
lights at this wave-length gave a correct 
comparison of their total candle- powers. This 
wave-length, termed the Crova wave-length, 
has been redetermined and probably lies more 
nearly in the region 0-557 //. to 0-562 fi. One 
great advantage of this 
method lies in the fact 
that any filter which 
has only a narrow band 
of transmission must 
necessarily reduce the 
intensity of the light 
very greatly. Crova 
suggested the use of a 
combination of solu- 
tions of perchloride of 
iron and chloride of 
nickel in a glass vessel 
7 mm. thick. This 
combination transmits 
between the wave- 
lengths 0-630 fj, and 
0-534 (I with a maxi- 
mum at 0-682 /A, 

§ (104) The Casoadh 
Method. — The third 
method of colour photo- 
metry does not attempt 
to eliminate the colour 
difference, but simply 
divides it into a number 
of small steps. This is 
the method employed 
for the measurement 
of tho clectrio sub- 
standards used at the 
National Physical 
Laboratory. Between 
tho flame standard, in this case the Vomon- 
Harcourt pentane lamp, and tho highest 
efficiency sub -standards used, viz. those operat- 
ing at 0-67 candles per watt, four sots of 
tungsten or carbon filament sub -standards are 
interposed, as shown diagrammatically in Fig, 
09. The lowest efficiency set consists of 
tungsten - filament lamps operating at 0-11 
mean horizontal candles per watt and the 
light from these matches that from a pentane 
lamp ; the other lamps are respectively (1) 
single carbon loop -filament lamps operating 
at 0-20 m.h.c. per watt; (2) double horse- 
shoe carbon filament lamps operating at 0-26 
m.h.c. per watt ; (3) metallised carbon fila- 
ment lamps operating at 0-33 m.h.c. per watt ; 
( 4 ) tungsten grid filament lamps operating at 
0*52 m.h.c. per watt, and (5) tungsten grid 


filament lamps operating at 0-67 m.h.c. per 
watt. 

These efficiencies arc such that the colour 
difference between any two neighbouring sets 
is approximately the same throughout the 
series, and each set of lamps is compared with 
the set below it by not less than six observers, 
each taking at least 30 observations on each 
lamp. The observers work in pairs, every one 
of tho possible combinations of observers being 
employed. Thus the values obtained* by each 
observer on each lamp are taken on five 
different days. By this 
method the effect of 
colour difference on the 
comparison is mini- 
mised, and a direct 
comparison of set 6 
with sot 1, made in an 
exactly similar way to 
that described above, 
shows that, in fact, the 
sum of tho probable 
errors of the different 
steps in the comparison 
by what is called the 
“ cascade ” method is 
slightly less than the 
probable error of the 
direct comparison. 

There is, however, 
another much greater 
practical advantage in 
the cascade method. 
Ordinary photometric 
comparison is made by 
not more than two 
observers, so that in the 
case of a considerable 
colour difference the 
chance of any two 
observers obtaining a 
result in agreement with 
that obtained by a much 
larger number has to be 
considered. The intercomparison of tho sub- 
standards, on tho other hand, is carried out 
by at least six observers, and then for any 
subsequent photometry a sub-standard is avail- 
able of a colour quite close to that of the 
test lamp. Tho small remaining colour differ- 
ence is then all that remains to be considered 
when assigning the accuracy of comparison 
by two observers. 

§ (105) The Compauison Lamp ht Cascade. 
— ^It is often the practice, when working with 
small colour differences, to use a comparison 
lamp giving light of a hue midway between 
that of the test lamp and that of tho nearest 
available sub -standard. In this way the colour 
difference is halved, but as the same difference 
appears on opposite sides of the photometer 
in standardisation and in the test -lamp 
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measurement, it is doubtful whether any in- 
crease in accuracy results from this procedure. 
When working with sources far bluer than the 
highest efficiency sub-standard a “ half-way ’* 
colour filter may be used on the comparison 
lamp side, or the method adopted by the 
Bureau of Standards (§ (102)) must be used. 

§ (106) Other Methods of Heteroohbom- 
A.TIO Photometry. — Other methods, not de- 
pending on any of the three principles above 
described, have been proposed and may be 
briefly noticed. Mac6 de L6pinay suggested 
placing in front of eyepiece of the photometer 
first a green and then a red solution. The 
ratio of the intensities found in these two 
oases gave, by means of a table, the intensity 
for the whole spectrum, Wybauw used a 
“ compensation ” photometer in which the 
light from the (more powerful) source to be 
measured illuminated one side of the photo- 
meter, while the other side received light from 
the standard and, in addition, a fraction of 
the light from the source to be measured. 
Thus the hue difference was reduced, but the 
sensitiveness of the measurement was also 
diminished. 

§ (107) The Visual Acuity Method. — ^An- 
other method, which has been proposed by 
Weber and others, depends on the amount of 
light necessary for the visual perception of 
detail Patterns consisting of concentric black 
circles of different thicknesses, or a series of 
fine dots of progressively diminishing size, are 
illuminated in turn by means of the lights 
to be compared, and it is assumed that 
equal ease of disorimination corresponds with 
equality of illumination for the different lights. 
The theoretical soundness of this form of 
colour photometer has been frequently called 
in question, and it appears more than doubt- 
ful whether visual acuity can be used in this 
way as a judge of equality of brightness 
without reference to the colour of the light 
used. 

§ (108) The Contrast Pattern Method. — 
A colour photometer devised by Von Czudno- 
chowski ^ depends upon the production of two 
sets of shadows formed by mutually perpen- 
dicular wire gratings, each set being flluminated 
by one of the sources to be compared. The 
field produced consists of two shadow patterns 
which appear grey on a white background, 
with dead black intersections. If one of the 
sources is moved sensibly out of balance one 
of the patterns becomes coloured. 

§ (109) Effect of various Factors on 
Flicker SENSiTivirY.—The various phenom- 
ena underlying the comparison of fights of 
different colours have been the subject of 
investigation by many workers. Notably J. S. 
Dow * has shown that, while a single observer 

^ lUum, Bng^i London, 1908, i. 283. 

* Phil, Mag., 1906, xli. 120. 


may obtain very consistent results on a single 
occasion when using an equality of brightness 
photometer to compare lights of different 
colours, yet the same observer, after a few 
hours’ rest, may obtain another series of read- 
ings, equally consistent among themselves, 
but differing from the first sot by 5 or even 
10 per cent. Dow also finds that the readings 
are affected by the size of the image produced 
on the retina by the photometric field. It 
results from this that the size of the surfaces 
used for the purpose of comparison, as well as 
the distance of the eye from these surfaces, 
are of importance in hetorochromatic photo- 
metry. He found in a particular case of 
comparison between red and green fights that 
there was a 25 per cent difference in setting 
according as the telescope of a Lummer- 
Brodhun photometer head was in its extreme 
“ in ” or “ out ” position. He also investi- 
gated the effect of the Purkinje phenomenon 
in colour photometry, and found that this had 
no appreciable effect on illuminations above 
1 metre-candle, so that it may be neglected in 
ordinary photometry. The experiments, how- 
ever, seemed to show that the effect was less 
with the flicker than wdth the equality of 
brightness photometer.® 

§ (110) Comparison of Flicker and 
Equality of Brightness Methods.— Ives 
oarefuUy investigated the relative merits of 
the different methods of colour photometry,* 
and came to the conclusion that the flicker 
method was more sensitive than the equality 
of brightness method, and that the results 
obtained by its means were more reproducible 
in the case of fights differing considerably in 
hue. This opinion was confirmed by Critten- 
den and Richtmyer,® but they found that for 
sources having a relatively high intensity at 
the blue end of the spectrum, the values given 
by the flicker photometer departed appreciably 
from those given by the contrast type, the 
difference being estimated at as much as 3 per 
cent for such sources as the gas-fillod lamp. 
They also came to the conclusion that for 
individual observers, or for small groups, the 
flicker photometer gave a result which was closer 
to the mean than that found with the contrast 
instrument. Reference ® should also be made 
to the work of Middlekauff and Skogland. 

A critical discussion of the relative merits 
of the two methods has boon given by Hyde,'' 
who, in his determination of the visibility 
curve of the human eye', preferred the equality 
of contrast method as being the most suitable. 

§(111) Colour Dipfbrenoe in Illumina- 
tion Measurements. — ^The above description 
has been practically confined to ordinary 

® Phil. Mag., 1910, xix. 06. 

* Ibid., 1012, xxiv. 149. 

' Am&r. Ilium. Eng. Soc. TranR., 1910, xi. 353. 

• Bureau of Standards Butt., 1018, xiii. 287. 

’ Astrophye. J., 1918, xlviii. 6;5. 
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photometry, but in the measurement of 
illumination the problem of colour difference 
is even more important on account of the 
many different typos of illuminants met -with, 
often in the same building. Further, the 
brightness of the test surface may sometimes 
fall below the limit at which the Purkinje 
effect cannot be neglected, so that colour 
difference between the light to be measured 
and the comparison source may cause con- 
siderable errors at these lower values of 
illumination. Above all, the colour differ- 
ences met with in ordinary photometry never 
approach the difference experienced when 
measuring daylight illumination by means of 
a portable photometer in which the comparison 
lamp is an ordinary tungsten-filament vacuum 
glow - lamp. The use of a colour filter is 
almost universal for daylight illumination 
measurements. This may take the form of a 
yellow filter placed between the test surface 
and the photometer, or a blue filter used in 
front of the comparison lamp. The latter 
scheme has the disadvantage that it reduces 
the upper limit of working of the photometer. 
Instead of interposing a yellow filter between 
the test surface aifd the photometer, a yellow 
test surface is sometimes used. The constant 
of such a surface, or filter, can be found on 
the photometer bench by a number of ob- 
servers, and it may then be used in the 
portable instrument by a single observer. The 
transmission ratio of a yellow filter must, of 
course, be determined for light of daylight 
colour. It should be noticed, in this connec- 
tion, that the colour of daylight is by no 
means constant. The colour of the light from 
a clear blue north sky is much richer in blue 
rays than the light derived directly from the 
sun or from white clouds illuminated by it. 
The difference, however, is not sufficient to 
invalidate the transmission ratio of a yellow 
filter determined for light of the colour of 
sunlight. 

§ (112) Determination of Filament Tem- 
perature. — The case with which the eye can 
distinguish colour difference in an ordinary 
equality of brightness photometer has been 
used by C. C. Paterson and B. P. Dudding ^ 
for the determination of the true temperature 
of an incandescent body. They found that 
the light from an ordinary tungsten or carbon 
filament vacuum lamp approximated very 
closely in spectral distribution to that of a 
“ black body,” and that a close and invariable 
relationship existed between its efficiency, ex- 
pressed in candles per watt, and its temperature. 
Thus if one side of a photometer be illuminated 
by such a lamp whfie the other side receives 
light from an incandescent body whose radia- 

1 “ The Estimation of High Temperatures by the 
Method of Colour Identity,” Phys. Soc. Proc,, 1915, 
xxvii. 230. 


tion has the same spectral distribution as a 
“ black body,” the efficiency of the lamp may 
be altered, by changing the voltage applied to 
it, until the two sides of the photometer appear 
to be of exactly the same colour. An exact 
equality of brightness must be maintained by 
moving the photometer between the sources 
during the process of obtaining this colour 
match, and the temperature of the incandes- 
cent body may then be assumed to be very 
closely the same as that of the lamp filament. 
The lamp filament may be calibrated by an 
exactly similar method against a standard 

black body,” but the authors above quoted 
(/oc. cif.)have found that for all drawn tungsten- 
filament lamps of ordinary vacuum type and 
disposition of filament, the relation between 
temperature and efficiency follows the rela- 
tionship 

H^=C->»logioX-1851ogjo + 

where L/W expresses the efficiency of the lamp 
in lumens per watt, T is the absolute tempera- 
ture, and C and m are constants having the 
values 21-51, 4*58 and 23*31, 6-1 respectively 
for carbon and tungsten filaments. They have 
also found that the watts consumed by a lamp 
vary with the absolute temperature according 
to the relation logioW=!Ci + 4-581ogioT and 
logic W^Oj-l-S-l for carbon and tung- 

sten filaments respectively. 

VIII. The Photometry oe Projectors 

The photometry of light-projection apparatus 
falls into a class by itself on account of the 
many difficulties involved and the S])ecial 
moans which have to bo employed in order t<j 
overcome them. At the same time it is of 
the utmost importance to obtain information 
as to the relative performance of different 
typos or patterns of apparatus such, for in- 
stance, as Boandilights, motor-car headlights, 
signal lights for marine or land service, and 
similar special optical dovicos. 

§ (113) Diefioulties due to Beam Con- 
OENTiUTiON. — The chiof difficulties met with 
in these tests arise from the fact that the 
light docs not diverge from a source of which 
the dimensions may bo nogloctod in com- 
parison with the distance from it at which the 
measurements are made. In all the oases 
mentioned above, the light from the source is 
redistributed by optical dovicos, and it is 
therefore necessary to ensure that the measure- 
ments are made at such a distance from the 
apparatus that the inverse square law may be 
assumed to hold within the accuracy desired. 
It is not necessary, of course, that distances 
should be measured from the source itself, and 
often it is assumed that the optical centre of 
the device lies at the meeting point of the 
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extreme rays of the projected beam. This 
assumption, however, is generally no more 
than a convenient approximation to the truth, 
for it cannot always be assumed that the light 
is emitted in all directions from a single point. 
Often the light emitted in two different 
directions may behave as if it emanated from 
points which are separated by a distance far 
from negligible in comparison with the distance 
at which measurements have to be made. 

§ (114) Minimum Distance fob Photo- 
MBTEio Measuebmbnts. — ^It may be generally 
assumed that the inverse square law holds for 
distances greater than fifty to four hundred 
times the diameter of the optical aperture 
with beams of 20® to 2® total divergence. As 
a very approximate guide it may be assumed 
that the inner limit of distance at which the 
beam has attained its final distribution is 
given by 'KdiB, where 6 is the total angle, 
measured in degrees, of the cone of light formed 
by the beam, d is the diameter of the aperture, 
and K is a constant lying between 600 and 
1000 . 

This rule leads to the result that for such 
apparatus as motor-car headlights, where the 
diameter of the mirror is of the order of 
10 inches and the divergence may be as little 
as 6®, photometric measurements should always 
be made at least 100 feet away from the 
headlight. On the other hand, for a lens such 
as that used in a ship’s navigation light, where 
the divergence may be as much as 20® with 
a lens height of 7 inches, a distance of about 
20 feet is sufficient. In both these oases the 
chief difficulty is that of obtaining sufficient 
light to enable measurements to be made at 
these comparatively great distances, and very 
often a compromise has to be effected by 
making measurements at two shorter dis- 
tances, and obtaining an approximation to the 
desired result by an extrapolation. 

§ (116) “Effbotivh” Candle - poweb. — 
The information usually desired is that given 
by a curve of distribution of illumination on 
a screen placed so as to be perpendicular to 
the axis of the beam at a convenient distance 
from the source. This distribution may often 
be conveniently found by actual measure- 
ment of brightness at different portions of a 
white screen placed in the path of the light, 
using a form of portable illumination photo- 
meter (see p. 441). It is often more convenient, 
however, to keep the photometric apparatus 
fixed in position and to move the source either 
in altitude or azimuth. Measurements of 
illumination can then be made by means of 
a photometer head fixed in a given position, 
with a comparison lamp movable along a 
bench directed away from the source. Alter- 
natively, the test surface of a portable photo- 
meter (see p. 441) may be fixed in a convenient 
position, and measurements of illumination at 


this position may then be made for any desired 
orientation of the projector. The results may 
be expressed either directly in terms of illumi- 
nation, or, by calculation, in terms of the 
candle-power which would be required of a 
point source placed in the position of the 
projector in order that it might produce at 
the screen the illumination actually measured 
there. The latter figure is generally termed 
the “ effective candle-power ” of the source in 
the direction considered. 

§ (116) Distribution Curve for Beams. — 
Whichever method of expressing the results is 
employed, the distance from the source at 
which the measurements have been made 
should always be stated. The results may be 
exhibited graphically by means of a curve in 
which the abscissae represent cither illumina- 
tion at a given distance or effective candle- 
power, while the ordinates are the correspond- 
ing angles of deviation from the axis of the 
apparatus. Such a curve, for a motor head- 
light beam of small divergence, is shown in 
the upper diagram of Fig. 70. The lower 



diagram is a polar curve for the same beam, 
and illustrates strikingly the failure of a polar 
diagram to give an intelligible representation 
of light distribution from any f(;rm of projection 
apparatus. 

For photometry of small projection ap- 
paratus, such as motor headlights, ships’ 
light lenses and hand signalling lamps, the 
distances required by the formula given above 
do not generally exceed 100 feet, and conse- 
quently measurements can be carried on in 
the laboratory, where all that is required in 
addition to ordinary photometric equipment 
is a tilting table for movement in altitude, and 
a horizontal turn-table for variation of angle 
of azimuth. If the beam is roughly sym- 
metrical about its centre, sufficient information 
is generally given by a curve, such as that 
shown in Fig. 70, representing the mean of 
measurements made across the horizontal and 
vertical diameters of the beam. If the beam 
is not symmetrical in shape, similar curves 
are obtained along other specified lines of 
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traverse. Occasionally the patch of screen 
illuminated by the beam is divided into 
squares, and the illumination on each of these 
squares is measured and noted on a figure 
representing the appearance of the patch. 

§ (117) Atmospheric Absorption. — In the 
photometry of searchlight projectors matters 
are very different. The divergence of the beam 
may be as little as 2 to 3°, while the diameter 
of the mirror is from 2 to 4 feet. Consequently, 
distances of at least 500 to 1000 feet are 
necessary for accurate beam tests, and in 
practice it is customary to employ distances 
of one-hah to two miles. At such distances 
as these, attainable only in the open, atmo- 
spheric absorption cannot be neglected. Even 
a slight ground mist may cause errors of as 
much as fifty per cent, which are by no moans 
constant from hour to hour, or oven from 
minute to minute. 

The effect of atmospheric absorption may 
be allowed for in one of three ways. First, 
a “ standard ” searchlight beam of known 
constant characteristics may be used. This 
beam directed towards the distant measuring 
station at intervals throughout a test will 
give, by measurement 
of its candle-power, the 
correction to be applied 
on any given night to 
the observations made 
on the other search- 
light beams tested dur- 
ing that night. Such a 
beam may be that given 
by a large size tungsten 
arc, or a steady carbon 
arc burning under 
standard conditions. In 
either case the source of 
light must be used in 
conjunction with a given 
parabolic reflector as no 
two reflectors can be 
relied upon to give exactly the same distribu- 
tion of light in the beam. 

§ (118) The Tblbphotometbr.-— A second 
method depends on the use of a telephoto- 
meter, in which a simple double convex lens 
forms an imago of a large screen (situated at 
the observing station) on the centre of a 
Lummer - Brodhun cube. This cube forms 
part of a photometer of ordinary construction 
at the station where the searchlight is placed. 
Simultaneous readings of the brightness of the 
screen as measured by the telephotometer and 
by an ordinary portable photometer at the 
observing station give at once the atmospheric 
absorption when the calibration of the tele- 
photometer is known. 

§ (119) The Two-station Mbthod.— The 
third method is more direct than either of the 
foregoing. In this, two observing stations are 



used at known distances and from the 
searchlight. The light is directed first to one 
station and then to the other, and measure- 
ments of the illuminations are made. If these 
be Ii and Ig, and t the transmission coefficient 
of the atmosphere per unit length (assumed to 
be the same throughout the region over which 
the measurements are made), while C is the 
effective candle-power of the searchlight, then 

so that “■ 

If for convenience = 2d., then 0=:l22 
§ (120) The Integrating Hemisphere. — 
Atmospheric absorption is only one out of 
many difficulties attending the measurement 
of candle-power distribution in the beam of 
a searchlight,^ and for many purposes sufficient 
information is obtained by a measurement of 
the total luminous radiation in the beam. For 
this purpose some form of integrating photo- 
meter must bo employed. Either the arc may 
be placed out of focus, so as to cause the beam 
to converge on to a white reflecting surface 
placed inside an integrator of the sphere or 
cube t 3 rpo, or the beam may be directed on 
to a hemispherical integrator as illustrated 
on the left-hand side of Fig, 71. This 



Fig. 71. 


integrator consists of a hemispherical matt 
white surface, furnished at its centre with an 
aperture and photometer, and having in front 
of the aperture a convex mirror with foliated 
black screens as shown enlarged on the right 
of the figure. Those screens are so designed 
as to produce on the photometer window an 
illumination proportional to the total flux 
received by the hemisphere. A full description 
of the method has been given by Benford.* 

§ (121) The Fooometbr.— -Another difficulty 
in the beam testing of searchlights is the 
necessity for ensuring that the are crater is 
kept constantly in the same position with 
respect to the mirror. This can be done either 
with a special focomotor fitted to the side of 


* Paterson, Walsh, Taylor and Barnett, Xnst. 
Meet. Mg. Journ., 1920, Ivifl. 83. A. Bonford, Qm. 
M. Rev., 1919, xxii. 668. 

* Am. lUwm. Rng. Soe. 'Trane., 1020, xv. 19, 
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the projector case, or by observation of the 
divergence of the resulting beam. The 
measurement of the surface brightness of the 
positive crater of a carbon arc is of very 
great importance, since, for a given angle 
of divergence, this quantity determines the 
brightness of the illumination produced by 
the beam at a given position. A method by 
which this quantity may be measured has 
been indicated in Part II. on “Photometric 
Standards ” (§ 11). AU searchlight photometry 
is affected by difficulties of colour difference, 
and the use of coloured glasses is general on 
this account (see § (102)). 

IX. The Photometey of PLUOTUATiNro 
Sources of High Candle-power 

§ (122) Photometer for Instantaneous 
Reading. — ^It is sometimes desirable to obtain 
an approximate estimate of the candle-power 
of intermittent or rapidly fluctuating sources 
such as flares, parachute lights, landing lights, 
etc. The photometry of such sources presents 
the special difficulty that photometric balance 
cannot be obtained except for a brief instant 
of time. Consequently any photometer in- 
volving the use of moving parts for adjust- 
ment to equality of two comparison surfaces 
is out of the question. The problem has been 
dealt with by a committee of the Illuminating 
Engineering Society,^ who used a photometer 
of the form shown in Fig, 72. This consists 



Fig. 72. 



of a tube 25 in. long and 3 in. in diameter. The 
interior is whitened and illuminated by a 
small electric glow-lamp placed at one end 
as shown in broken line. A slot extending 
for nearly the whole length of the tube is 
covered by a strip of thin metal painted white 

^ A. P. Trotter, Ilium. Bng.j London, 1918, xi. 263. 


and having in it perforations in the form of 
letters of the alphabet. Since the illumination 
inside the tube decreases gradually from top 
to bottom, the top letters appear brighter 
and the bottom letters darker than the surface 
surrounding them. An intermediate letter 
can be found at which the illumination of 
the interior of the tube is the same as that 
of the outside of the strip. This particular 
letter becomes practically invisible with a 
steady light, but with a flickering light the 
point of balance is continually moving up 
and down. Letters of the alphabet were 
chosen because they were monosyllabic and 
therefore quickly transmitted from the 
observer who had to watch the photometer 
continuously, and the assistant who wrote 
down the observations at close and regular 
intervals. 

§ (123) Candle-power of Flares.— The 
flares on which tests were made by the 
committee burned for various interv^s of 
the order of half a 
minute, and a typical 
curve showing the 
variation of candle- 
power during this 
time is given in Fig. 

73. Candle - powers 
as high as 130,000 
were dealt with. The 
results can be most 
conveniently ex- 
pressed, for compara- 
tive purposes, in 

candle-power seconds per gram of composition, 
a particular example of flare being found to 
have the value 4000 for this quantity. 



Fid. 78. 


X Measurements of Low Intrinsic 
Brightness 

A third class of photometric measurement 
demanding special treatment is that in which 
the brightness of the luminous surface to be 
measured is very low (below 1 metre-candle). 
This problem arises, principally, in connection 
with the study and use of self-luminous com- 
pounds, either those depending on photo - 
luminescence or those in which the exciting 
agent is some radioactive material, generally 
radium and its disintegration products. 

§ (124) The Colour Problem and Purkinje 
Effect. — ^It is impossible by any optical means 
to increase the brightness of a surface, so that 
as these luminous compounds, either in bulk 
or as applied to surfaces in the form of figures 
or other markings, have luminosities varying 
from 0*5 to 0-001 metre-candles or even less, 
the problem of accurate brightness measure- 
ment becomes a very difficult one. The 
difficulty is increased by the fact that the 
light given by these compounds is often 
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restricted to one part of the spectrum. Thus, 
for example, the light given by a compound 
in which a specially treated zinc sulphide is 
rendered luminescent by the action of radium 
is a very decided green (see article on “ Radio- 
activity,” § (15)), and as the brightness is 
below the limit of the Purkinje effect, it is 
necessary to ensure that the surfaces whose 
brightnesses are being compared are as nearly 
as possible of the same colour. It is also 
especially desirable, in the case of low bright- 
ness photometry, to ensure that the dividing 
line between the surfaces being compared shall 
be as fine and imperceptible as possible. 

In the case of a luminous compound, the 
problem of photometric measurement requires 
different treatment according as the bright- 
ness of the compound in bulk or that of 
the markings of the finished design are in 
question. 

§ (125) Photometry oe Luminous Com- 
pound IN Bulk. — In the first case the measure- 
ment may be readily made by means of the 
apparatus shown in Fig. 74. S is a sheet of 



matt white celluloid, having at its centre an 
oblong aperture, so proportioned that when 
looked at through the telescope T it has the 
appearance of a small square. This aperture 
is out with a sharp bevel to ensure as little 
separation as possible at the edges. The 
luminescent compound is contained in a glass 
tube G, and wedge-shaped guides are arranged 
inside the box to assist in placing it centrally 
behind the aperture in S, no matter what the 
diameter of the tube. The celluloid sheet S 
is illuminated by a standardised lamp, the 
light from which, after passing through a green 
glass or gelatine filter, enters the box at 0. 
The illumination at S is calculated from the 
candle-power and distance of the lamp, the 
transmission ratio of the green filter being 
determined by measurement of the brightness 
of a given sample of compound by a number 
of observers with and without the filter in 
use. 

The only filter remaining is that relating the 
brightness of S, as seen in the direction of the 
telescope, with its illumination from the 
direction of 0. This may be determined by 
measuring, with a surface-brightness photo- 
meter (see § (64)), the brightness of S as seen 


in the direction of T, and the brightness of a 
similar piece of white celluloid placed in the 
position of S but normal to the incident light. 
The factor obtained in this way embodies 
both the reflection ratio of the card under 
the particular conditions of use, as well as 
the reduction of illumination according to the 
cosine law. This form of apparatus is that 
used at the National Physical Laboratory,^ 
but somewhat similar forms of apparatus, 
designed for the same purpose, have been 
described by Blok ^ and Clinton.^ A method 
in which a circular disc of tho material 
under test placed side by side with a disc 
of variable brightness has been described by 
Andrews,* while Dorsey ® ] daces tho tube of 
compound in front of a surface of variable 
brightness. 

§ (126) Adaptation of the Eye. — ^In all 
measurements of low intrinsic brightness tho 
observer’s eye must bo “ dark-adapted ” by 
a lengthened stay (of at least a quarter of an 
hour, or mc)ro if the general illumination to 
which tho eye has been i)reviously exposed 
be very groat) in tho photometer - room. 
Further, as many radioactive luminescent 
substances are also photo-luminescent, the 
compound to bo measured should bo kept 
away from daylight or strong artificial light 
for at least half an hour before measurements 
are made. Luminous compound is generally 
measured while enclosed in a glass containing 
vessel. If new, the absorption of tho interven- 
ing glass wall may be assumed as 9 to 10 per 
cent, but tho action of tho rays from the 
radioactive material is such as to cause a 
darkening of tho glass with lapse of time so 
that tho absorption may increase by as much 
as 1 per cent per month oven when tho 
gloss is thin. 

§ (127) Thotomftry of LumtnoUvS-painted 
Dials. — Tho measurement of tho brightness 
of tho ma rkings on a dial painted with lumin- 
ous compound is again a special problem 
in photometry. No constant relation exists 
between tho brightness of tho original com- 
pound and tho luminosity of the markings, 
and two dials painted with tho same compound 
may have very different luminosities. 

The apparatus used at the National Physical 
Laboratory® for the purpose of luminosity 
measurements of dial markings is shown in 
Fig. 75. L is an elootrio lamp, tho light from 
which, variable at R, passes through a green 
filter F and illuminates two screens S, 8, 
each consisting of two thiclmessos of thin 
white paper with a space between them. This 

^ Paterson, Walsh, and Higgins, J*hn/8. Soo, Pfoc.y 
1017, xxix. 210. ft » ^ > 

» lUum. Mff., London, 1017, x. 7C. 

* IMd., 1018, xi. 200. 

* Gm. Klect, 1010, xlx. 802. 

* Wash. Acad. Joiirn., 1017, vU. 1. 

* Paterson, Walsh, and Higgins, loc. <M. 
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arrangement ensures perfect diffusion of the 
light and an even brightness over the whole 
surface of the second sheet. In front of the 



screens are placed two stencils T, T, each 
consisting of a sheet of thin brass with figures 
or markings cut out on an engraving machine 
so as to he identical with the luminous markings 
of the dials under examination. Two compari- 
son dials are used, one on each side of the 
test dial, so as to overcome errors due to 
inequalities in sensitivity to green light on 
different parts of the retina. The instrument 
is calibrated by measuring, for different values 
of the current passing through the lamp, the 
brightness of the surfaces immediately behind 
T, T, using for this purpose a surface-brightness 
photometer. The surface brightness of the 
luminous markings of dials such as those used 
for aircraft instruments is between 0*2 and 
0-06 metre-candles when the compound has 
been freshly mixed. The luminosity falls off 
with lapse of time, however, and dials which 
have been painted for six months or a year 
may have deteriorated in brightness so much 
as to be practically useless ^ for their intended 

J. W. T. W. 


Photombtey applied to the estimation of 
refraction and eyesight, generally by the 
use of perception scales. See “ Ophthalmic 
Optical Apparatus,” § (6). 

Photophonb, RAiTKisrE’s, for transmission of 
speech by light. See “ Sound,” § (61). 

Pbysioal Photombtbes : instruments in 
which physical phenomena are used to 
measure light, instead of employing visual 
effect. See “ Photometry and lUumina- 
tion,” § (32) et sqq, 

PIANOFORTE, THE 

The piano belongs to the percussion class of 
musical instruments in which the sound is 
produced by giving a sudden impulse to the 
vibrating system and then leaving it to itself 
— as contrasted with wind instruments, for 

^ See ** Luminous Compounds,” §.(6)’ iv. 


instance, in which the vibration is maintained 
as long as desired by the continuous supply 
of energy. The sustaining power of percussion 
instruments is determined by the amount of 
energy that can be supplied initially and the 
way in which this energy is dissipated. 

The piano is a development from the harp 
in which the strings were plucked by hand, 
the next stage being the spinet and harpsi- 
chord, in which the vdres were plucked by 
quills. But this method of setting the wires 
in motion gave none of the light and shade 
so necessary for the artistic rendering of a 
musical composition. Hence the complica- 
tions of the later harpsichord, in some of which 
by means of stops, as on an organ, the number 
of wires that were plucked when a key was 
depressed could be varied ; also to some there 
was added a Venetian shutter, which could be 
opened or closed by a pedal in the same way 
as the swell box of the organ. All this was 
done away with and control of the sound was 
restored to the performer by the substitution 
of a hammer for the quill, which was first 
effected by Christofori, an Italian, about' 
1709. From this original and very primitive 
instrument the pianoforte has developed by 
very many steps, generally small, the most 
important of which have been the inventions 
of the actions now used in the upright 
and grand pianos and the introduction of 
the iron frame. We shall return to these 
later. 

§ (1) The Wires. — The original vibrators 
in the piano are the wires, or strings as they are 
called. There are three to each note from the 
treble down to about the 32nd note from the 
bass end (say to E in the bass clef). In long 
grands they continue another octave. Hence 
the term trichord. Each of those is a simple 
wire of high tensile steel, left hard from the last 
one or two drawings so as to give it as high 
an elasticity as possible. The breaking strain 
of a good pianoforte wire exceeds 140 tons 
per sq. in. The nineteen notes from down 
to about A in the bass have two covered wires 
to each note of steel about 1 mm. diameter 
wrapped with soft copper wire of *6 mm. 
diameter. The last twelve notes have only 
one wire to each note ; those are also of stool 
ranging from about 1*1 mm. to about 15 mm. 
diameter, but wrapped with copper of in- 
creasing size from 1-016 mm. diameter to 2 
mm. diameter. The lowest notes of all pianos, 
except of some of the long grands, have two 
layers of the copper wire, and the total diameter 
of the wire may be as great as 7 mm. 

When a wire is stretched between two fixed 
supports and set in vibration it will, as is 
shown in the text-books on sound, ^ecuto p 
vibrations a second, where ^=\/T/w/2Z; I 
beiug the length of the vibrating segment in 
cm., T the stretching force in dynes, and 
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m the mass in grams of the wire per cm, 
length. The wire may, however, vibrate not 
only as a whole — in which case I will be the 
whole length L of the wire between the two 
supports — but can also vibrate in 2, 3, 4, or 
more segments, and then I will become 
L/2, L/3, L/4. Thus (neglecting rigidity) the 
same wire may be caused to give any one of 
a series of notes of which the frequencies 
are 2p, 3p, 4p, p being the frequency of 
the wire when it vibrates as a whole. In 
all ordinary oases when a wire is plucked or 
struck with a hammer it does actually move 
in such a way as to be equivalent to the 
superposed effect of all these frequencies. 
Its equation at any time t is thus given by 

n 

2 /=S sia (2TrntlZ>) sin (ir?ia;/L), ^ being the 

1 

periodic time of the fundamental ; the quality 
of the sound it will produce depends upon the 
relative amplitudes of the component terms in 
this series. 

The maximum energy that can be given to 
a wire is dependent on the ma^s of the wire 
set into vibration ; it can therefore bo increased 
by using larger and longer wires. The three 
wires of each note are tuned to unison and 
struck simultaneously by the hammer ; this 
is obviously a device for multiplying the 
energy which can be given to the wires and 
by them dispersed via the soundboard as a 
musical sound. The introduction of the iron 
frame, by making it possible to incroaso the 
tension on the wires, and therefore to use 
longer and heavier ones, is one of the chief 
factors which distinguishes the modem piano 
from that of say fifty years ago. But the 
increase in strength of the frame would have 
been useless unless the tensile strength of the 
•wire had been increased' to correspond, and if 
this strength can he still further increased 
it may be possible to get a still greater 
sustaining power. 

The series above given only represents the 
motion of the wire to a first approximation, 
for the rigidity of the wires influences the 
pitch of the higher notes and of the upper 
partials of all the notes, causing the frequency 
to be higher than that given by the formula ; 
for the restoring force duo to the tension of 
the wire is augmented by that duo to its stiff- 
ness, and although the latter has little effect 
on the long vibrating segments of the lower 


partials, it obviously will play an increasingly 
important r61e as these segments become 
shorter. Thus the higher partials of any 
string in vibration ■will be sharpened. The 
effect on the pitch is the same as if the 
wire were perfectly flexible and the stretch- 
ing force increased by dynes, where 

r is the radius of the wire, I the length of 
the vibrating segment, and Y is Young’s 
modulus of elasticity. This sharpening is 
not in general noticeable, for the amplitudes 
of the partials after the third or fourth is 
very small, and they can only be heard -with 
difSculty. But should the cross-section of a 
■wire be an ellipse instead of a circle, the rise 
in pitch due to the rigidity will be greater 
for vibrations executed in the plane containing 
the major axis of the ellipse than for those 
executed in the plane at right angles to this. 
Thus, as usually the wire will not be ■vibrating 
wholly in ‘one of these planes, each partial 
■will yield two frequencies differing slightly 
from one another, which will therefore beat 
■with one another. This beating is easily 
heard, although the partials which give rise 
to it would other-wise have been too weak 
to be perceived, and, as it makes the wire 
sound out of tune, such a wire is de- 
scribed as “ false.” The only remedy is 
the replacement of the wire by another. It 
can thus be seen that the perfect circularity 
and uniformity of a piano "wire is of great 
importance. 

It is evident from the formula that as the 
frequency depends on the three factors — length, 
tension, and mass — any two of the three may bo 
taken as independent variables and be chosen 
arbitrarily, and then the third can be deter- 
mined to obtain the pitch required. In 
practice the tension is made uniform for all 
the strings of a piano ; for pianos in which 
tho tension is the same throughout have been 
found to keep in tune best, no doubt because 
■with a uniformly distributed load, temperature 
variations affect tho instrument as a whole 
and do not throw the notes out of tune with 
one another. The tension adopted by various 
makers range from 160 to 190 lbs. on each 
string. This is well below the limit of 
elasticity of all but the smallest gauge wires, 
as can be seen from the following table which 
has been extracted from figures given in 
Wolfendon’s Art of Piano Oonstruction, 


Note and Number. 

Lonprfih 
in Mm. 

Diameter of Wire 
in Mm. 

Breaking Strain 
in Lbs. 

Actual Tension 
in Lbs. 

C 

88 

6-40 

•800 

276 

173 

C 

76 

10*20 

•860 

306 

173 

0 

64 

19*26 

•900 

332 

173 

0 

62 

36*40 

•960 

366 

173 

c 

40 

68*80 

1-000 

384 

173 

c 

28 

131 

1*060 

410 

173 
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The tension of the intermediate notes varies 
from 173 lbs., for the same gauge wire is 
always used for several successive notes, 
and as the lengths are increased in a regular 
manner, the sudden variation in the sizes 
of the wire has to be compensated by corre- 
sponding changes in the tension. 

It might at first sight seem possible to 
keep to one size wire throughout and to use 
the length only as the factor to obtain the 
change in pitch. The wire for any note would 
then be double the length of the wire belonging 
to the octave above. This is nearly done for 
the upper octaves, but it must not be forgotten 
that rigidity plays an important part, and if 
this relation were adhered to, it would make 
the top notes too short and too stiff, and those 
of the lower octaves would be too limp as well 
as unmanageably long. The length of the wire 
is therefore graduated to the extent of reducing 
the ratio to 17 : 9 for all but the lower octaves. 
In order to allow of the use of wires of lengths 
following this ratio as far down towards the 
base as possible, the practice has arisen of 
“ overstringing,” that is to say, the bass wires 
are carried more or less diagonally across the 
tenor wires, the latter wires sloping some 20® 
to the vertical downwards to the left, while 
the former slope an equal or greater amount 
to the right. The change from the last wire 
sloping one way to the first sloping the other 
is called a “ break,” and as these wires pass 
over different and widely separated bridges 
on the soundboard, there is liable to bo a 
serious difference between the sound yielded 
by those two notes, and it requires judgment 
and skill to minimise this. Other changes 
are for this reason usually avoided at this 
point ; for instance, the change from the 
simple steel wire to the covered wire is often 
made four or five notes above this point. 

Even with the extra length that over- 
stringing gives, the lower octavos cannot 
continue to increase in length in the same 
ratio, in fact the wires of the last octave are 
practically all one length, the change in 
pitch being produced by the additional 
thickness of the copper wire which is wrapped 
round the central steel core. Sometimes in 
cheap pianos tho makers lower the tension 
in this octave to reduce tho weight of the 
costly heavy copper wire. In any case, except 
in tho long concert grand, tho resultant quality 
of the octave is usually poor ; but these notes 
arc of comparatively small importance as they 
are much less frequently used prominently, 
and are generally accompanied by the octave 
above, which helps to mask their poor quality. 

Strips of felt are threaded in and out 
between the wires above the top bridge, and 
between tho bottom bridge and tho hitch- 
pin, to prevent these portions of the wire 
from vibrating; one or two makers hi^rve 


endeavoured to make the lower end of the 
wire equal in length to the part between the 
bridges, in the hope that this would form an 
additional resonator. It is difficult to see 
how such a wire can add to the initial energy, 
but it might help to avoid a useless dissipation 
of energy in the felt just referrred to. 

§ (2) The Soundboaed. — Although the 
wires are the original vibrators in the piano, 
their vibrations are themselves to all intents 
and purposes inaudible ; for as tho wire swings 
to and fro, the air in front of tho moving wire 
slips round to fill the space loft behind it by 
its motion, and no compressions and rarefac- 
tions of appreciable amplitude are produced in 
the air. To a slight extent tho pressure of the 
wire on the fixed upper bridge transmits the 
vibration to the iron frame, thence it passes 
to the case of the instrument and the floor of 
the room, and these in turn transmit it to the 
air. But in the main the transmission of the 
vibrations of the wire to tho air is by the 
medium of the soundboard, this thus plays 
almost as important a part in tho speaking 
quality of a piano as does the body of tho 
violin in tho tone yielded by that instrument. 
Tho soundboard of the piano (as of the violin) 
is made of a wood in which the ratio of tho 
elasticity to the density is as high as possible. 
Pine fulfils this best, and “ belly- wood,” as it is 
called, is usually Norway spruce, Picea excelsUf 
or sometimes Abies ^ectinaia. The best trees 
are those growing in high altitudes on a moun- 
tain side where tho growth is slow and regular. 
Before the war tho best came from the 
Roumanian forests ; some is now being 
obtained from British Columbia. Tho wood 
is out on the quarter (?’.e. radially) into strips 
7 to 10 cm. wide and about 1 cm. thick, and 
those are carefully jointed up to form a more 
or loss rectangular board with tho grain 
running approximately j)aralltd to the long 
bridge, that is from tho toj) right-liand comer 
to the bottom left-hand corner at an angle 
of about 40® to the horizontal. This board 
is stiffened at -the back by about ton parallel 
wooden bars, 2 to 3 cm. square, usually 
tapered off at tho ends, which arc glued across 
the soundboard at right angles to the grain of 
tho latter. In gluing them on the makers 
attach great importance to “ bucking ” the 
soundboard — that is to say, making the front 
surface convex. The centre should bo about 
1 cm. above tho edge. This curvature is 
produced in one or more of throe ways : 

(1) By planing the bars to a curve so that 
when they arc glued on they shall tend to 
draw the board round to their own curvature. 

(2) By tho use of a concave table on which 
the board is laid while tho bars are being 
glued on, and into which it is forced by the 
pressure of a large number of go-bars which are 
sprung in between tho bars and the roof, a$ 
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shown in Tig> ], where BB is the hollow-top 
table on which tho soundboard CO is placed ; 
AA is a firm wooden roof ; DD are tho bars 
to bo glued on the hack of tho soundboard ; 
. GG, G'G' are tho go-bars which are sprung 
in between DD 
and tho roof; E 
is a block of 
wood to prevent 
tho go -bar from 
denting the bar. 

(3) By boating 
both tho bars and 
the soundboard 
for some time 
before gluing. 
This causes the 
bars to expand 
lengthwise, and (by drying it) causes a 
contraction of the soundboard aoxoss tho 
grain. So when tho whole is cold and it 
has reabsorbed a little moisture it tends to 
cuive. 

This curvature helps tho soundboard to 
sustain tho pressure which is caused by the 
down-beariiig, or the resolved part normal to 
the surface of the soundboard of tho tensions 
in the wire ; for in order to keep tho wire 
well down on the bridge during its vibration 
the top of tho bridge is left at such a height 
that it raises tho wire a little (2 to 5 mm.) 
above its natural position. The pressure of 
the wires forces the bridge down, but it is 
considered fatal if it should be forced down 
so much that tho soundboard becomes con- 
cave. Tho down-bearing is usually measured 
by tho angle the two sognionts of tho wire 
make with one another. This may bo as 
great as IJ®. 

The edges of the soundboard are fixed very 
firmly by hard .wood liUcts to tho woodon 
framework or bu^ck of tho piano, which back 
also carries the iron frame and is the foundation 
of the case of tho instrument. Any want of 
ri^dity round tho edges of tho soundboard 
will not only lead t(3 a dissipation of energy 
in friction wliioh should have been given out 
as sound, but may also cause noises which are 
difficult to locate and eliminate. 

By placing the piano witli its soundboard 
horizontal, scattering sand ui)on it, and then 
striking a string with a hammer, nodal linos 
are often obtained. This shows that to some ex- 
tent stationary waves are formed, and that tho 
soundboard does nob vibrate as a whole, but 
that some parts of it are in a dilForont phase 
to the rest. This partly explains a fact which 
at first sight seems curious, namely, that it 
has been found advantageous to limit tho 
size of the soundboard. Usually tho lower 
right-hand comer, and sometimes also tho 
top left-liand comer, are either out away or 
are prevented from vibrating by a heavy 



wooden bar glued on behind called a dumb- 
bar. 

Just as the varnish on a fiddle is supposed 
to he of great importance, so some have held 
that the varnishing of tho soundboard is also 
of great importance. But it seems doubtful 
if the varnish plays any other part than that 
of preserving it from damp. 

Host makers seem to have had at some time 
the idea that by imitating the violin and using 
a double soundboard, with or without aper- 
tures, it would bo possible to improve the 
piano ; but all such attempts have beeu 
failures. 

In order to give the greatest possible length 
to the bass stiings, and at tho same time to 
avoid the want of response which would be 
caused by placing the bridge close to the edge 
of the soundboard, tho short bridge on which 
the overstrung wires aro earned is usually a 
floating bridge. Tho meaning of this is shown 
In the diagram, where B is tho fillet at the 
edge of tho soundboard A, W tho overstrung 
wire which passes over tho bridge 0 and 



tonninates at tho hitohpin H. Tho bridge 
0, instead of being glued directly on the 
soundboard A, is carried on a thin board D, 
which is glued to a blook B attached to tho 
soundboard at some distance from its edges. 
This device enables the vibmtioiiH to bo 
communicated to a fioxiblo j>art of the sound- 
board and greatly improves the quality of tho 
tone produced. 

§ (3) Tiijfi Kamsthr. — Tho oldest hammers 
wore of wood covered with leather. Tho old 
hand-oovored hammers wore of wood covered 
with a number of layers, of which the inner 
ones wei*© hard felt and the outer ones softer 
felt, The modem “ machine - covered ” 
hammer has tmly one layer of felt over the 
wood. Tho whole sot for a piano is covered 
in one operation. The felt when first made 
is 10 to 11) cm, thick, but it is shrunk by 
the makers until it is about 2 cm. thick 
at the bass end, H to 4 mm. thick at tho 
other. It is th on out to a roof shape as shown at 
BB, JhHg, 3. It is glued and bont up round the 
row of hammers AA, being pressed upon them 
by hot metal moulds in a maohine. Any 
degree of hardness required can bo obtained 
by 8uital)ly regulating the pressure on tho 




46S 


PIANOFORTE, THE 


moulds. When the glue is dry, the hammers 
are out apart with a sharp knife. In this 
way a very regular gradation of weight, 
thickness, and 
elasticity .from 
bass to treble 
can be obtained. 
Moreover, the 
density of the 
felt in any 
hammer is 
greatest in the 
centre of the felt 
* EiG. 8. next the wood, 

and gets less as 
the outer surface is approached. This is a 
very important matter, for it determines the 
relative intensities of the fundamental and 
the upper partials, 9 r in other words, it 
determines the quality of the sound produced. 

To understand the action of the hammer, 
stretch a wire thirty or more feet long with a 
small force — say a pound weight — gently 
pluck it near one end, and put a finger hghtly 
upon it. The plucking will produce a pulse 
which will travel to and fro along the wire 
and can easily he felt each time it arrives at 
the finger. H it be struck with a rod a sort 
of momentary dent will be formed which will 
travel away along the wire in both directions 
from the point struck. When it reaches the 
end the dent will be inverted and return as a 
hump. In so doing it is evident that it 
win give the support an impulse, just as a 
man who is exercising with a pair of heavy 
dumb-bells can shake the floor by bringing 
them down or up suddenly. It is this reversal 
of the pulse in the wire each time it arrives 
at the bridge that is mainly responsible for 
the communication of the vibration of the 
wire to the soundboard. To return to our 
experiment, it is evident that while a smart 
blow with a metal rod wHl cause a sharp 
dent, a blow with a soft felt hammer (such 
as a bass drumstick) will cause a smooth 
dent of much less curvature. If the hammer 
were' of such weight and consistency that the 
blow lasted for half the natural period of the 
stretched wire, while its strength gradually 
increased to a maximum and then died 
gradually away as the hammer rebounded, 
the pulse produced would have a length equal 
to the length of the wire ; thus an analysis 
into the Pourrier series to which it is equi- 
valent and which expresses the motion, 
would result in a series in which the amplitude 
of the fundamental was predominant ; a 
similar analysis of the pulse produced by a 
metal rod would require a larger number of 
terms to represent it with any closeness. 
Thus if the sound produced when the piano 
wire is struck by the hammer is to be largely 
composed of the fundamental and the first 


one or two paitials, the hammer must have 
suitable weight and elasticity. It should 
strike a blow which commences gently, rises 
to a maximum in a time which will vary 
with the pitch of the note, and then dies 
away as regularly. A moment’s thought 
will show that if the outer layer bo soft and 
curved so that it touches first at a point, the 
blow will commence gently, then as the blow 
proceeds, if the deeper layers are harder, the 
pressure will increase rapidly attaining a 
maximum at the moment of greatest compres- 
sion of the felt when the hammer and wire are 
relatively at rest; after this as the hammer 
rebounds the pressure will die away. As 
the coefficient of restitution of folt is not very 
high, the force will be loss during the rebound 
and the pressure- time curve will not bo quite 
symmetrical. 

The point of impact of the hammer on the 
string is of great importance. From about 
the 40th note from the bass end downwards 
to the bass end the string is struck at about 
one-eighth of the length of the speaking 
part of the string (that is the distance between 
the two bridges) from the upper bridge. 
From this note upwards towards the treble, 
the fraction of the length from the top bridge 
gradually changes until at the top it becomes 
one-fourteenth or even one-sixtoonth of the 
speaking length. Helmholtz showed that when 
a string was struck at any given point every 
partial which had a node at that point should 
be absent, and he thought that by striking 
the string at one-seventh or one-ninth of the 
distance from the end these partials which 
are inharmonic would be eliminatod ; but it ^ 
is obvious that this cannot bo the oontn>lling 
factor, since at ono-eighth the partials 
eliminated would be in tune, and this is the 
fraction chosen for all those notes for which 
such partials would bo most obvious. Now it 
is a fact that the amplitudes of the ijartiala • 
above the third and fourth in a good piano 
are relatively small, and though their oxistenoo 
can be proved by moans of resonators, they 
are almost inaudible without such aid an<l are 
probably negligible. Thus it is much more 
probable that the point found moat suitable 
is really determined by the motion of the 
hammer. The^ makers say that the treble 
notes become more brilliant when the wirt^s 
are struck nearer the end. Towards i-hc top 
notes of the piano the thud produced by the 
blow of the hammer is audible if the ])oint 
of contact is not nearer the end of the string 
than one-eighth of its length, and this may, 
therefore, be another reason for the point of 
contact chosen for those notes. 

§ (4) The Aotioit. — The action now uni- 
versally adopted for all upright pianos is 
developed from the action patented by an 
Englishman named Womum in 1820. 
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Womum’s action is virtually an adaptation 
of an earlier one of Backer’s for a horizontal 
piano. It was very nearly the same as the 
action illustrated, except that he continued 
the use of an inclined plane to throw the jack 
out of the notch of the hammer-butt. The 
bell-crank lever was first embodied by Erard 
in his giund action, and was not used in the 
upright action till much later. Womum 
found it impossible to induce the English 
maker’s to adopt his action, and it was the 
French who took it up, so that it became known 
as the French action. Most English makers 
continued to use the old “sticker” action 
until nearly the end of the nineteenth century 
— long after Womum’ s action had been 
adopted universally abroad. A good action 

(1) must give the performer full control of 
the blow, so that he can vary the intensity of 
the sound produced with ease and certainty ; 

(2) must withdraw the hammer from the 
string immediately — oven if the performer 
hold the note down — or the motion of the 
string will be damped by the hammer; (S) 
must not allow the hammer to bounce back 
and hit the string twice, unless a second 
movement is imparted to the key ; (4) must 
enable the performer to obtain rapid repetition 
of the blow when desired, and (5) this repetition 
should be obtainable without waiting for the 
key to rise to its initial position. All this the 
Womum action provides. When the front of 
the key K is pressed down the pilot P, which is 
screwed into the back end of the key, presses 

against the rocker A, 
which is pivoted at T. 
To the rocker is pivoted 
the jack J. The top 
of the long end of the 
jack rests in a notch in 
the butt B or hinge of 
the hammer, and thus 
pushes this up, causing 
the hammer to move 
towards the string PF'. 
Just before the hammer 
strikes the string, how- 
ever, the rocker A 
brings the too of the 
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jack up against the sot-ofif Q, and this causes 
the jack to rotate clockwise, and so lifts its top 
forward out of the notch of the butt B, leaving 
the latter free. This should liappon when the 
hammer is 2 to 3 mm. from the wire, so that 
it is oply the inertia of the hammer which 


causes it to strike the wire. It will then 
rebound and would fall back on the rail R 
were it not for the check C, which comes 
against E, which has been raised by the motion 
of A to w^hich it is attached. In this way the 
hammer is held up a short distance from the 
string as long as E is held against the check C, 
i.e. as long as the performer keeps the key down. 
This has two important results : (a) it catches 
the hammer and prevents it bouncing back 
to strike the string a second time; (b) it 
holds the butt up so that as the key is raised 
the jack can fall back into the notch almost 
as soon as it is free of the set-off, and this 
enables the performer to cause the hammer 
to strike again without having first to let the 
key rise up to the top, as he would otherwise 
have to do. The damper D is carried on a wire 
inserted in a wooden lover hinged at M, and the 
lower end of this lever is pressed to the left 
by the spoon S when the rocker A is rotated. 

The hinges or centres, as they arc called, 
of this action are made by brass wires passing 
through a hole bushed with thin cloth. This 
yields a smooth working hinge free from 
back-lash and noise. The bearing surfaces of 
the several parts of the action are covered 
with soft fabrics to avoid noise. The top of 
the notch in B into which the jack falls is 
lined with doc-skin, as it has to transmit the 
blow, hut the back of the notch is lined with 
soft felt, as it merely has to receive the end of 
tho jack and stop it as noiselessly as possible. 

An interesting point arises in regard to the 
best position for tho interface between the 
pilot B and 'the foot of tho rocker A. In 
order to reduce wear at this surface it is 
obvious that there should be no sliding motion 
between P and A, and that it should bo a 
pure rolling one if possible. Now P is rotating 
about tho fulcrum of tho key K, while tho 
rocker rotates about the centre T, so that to 
produce a rolling motion tho point of contact 
between P and A should lie throughout the 
motion on tho lino joining T and L. This 
determines the depth of tho foot of the rocker. 
(It should also determine its curvature, but 
this is usually ignored.) Tho same considera- 
tion applies to tho point of contact between 
M and S which should lie on the line joining 
tho centres M and T; also to the contact 
between J and Q which should lie on the line 
joining T and the centre or hinge of tho jack. 

An. important feature of this action is tho 
tie V, which has two objects : firstly, as tho 
hammer is only about 3° from the vertical 
when it strikes the wire its weight cannot help 
it to come away after the blow, and if the 
blow were a gentle one it might be too slow 
in returning after tho blow ; and secondly, the 
jack might got below the butt instead of 
merely falling into tho notch. Hence Womum 
provided the string to connect the hammer 
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block ■with the rocker, and so to prevent any 
such undue separation, 

§ (6) The Grand Action. — This beautiful 
action was invented by Sebastian Erard in 1827 
and is now used almost universally. The 
underlying principles are the same as those of 
the upright action, already described, but the 
mechanism by which the results are achieved 
was quite original. Fig. 5 shows a modem 
form of this action which is almost identical 
with the action as Erard left it. The wippen 2 



which is pivoted at its rear end to the flange 21 
carries the jack 3, which presses against the 
roller 6 attached to the hammer shank 6, and so 
causes the hammer head 7 to strike the string 20 
when the key 1 raises the -wippen 2. Just before 
this happens, the toe of the jack 3 comes into 
contact with the button 8, and this rotates 
the jack clock-wise and removes it from below 
the roller 6 ; so that the hammer is quite 
free when it strikes the wire. After the blow 
it falls back upon the check 11. The repetition 
lever 4, which is pivoted near its middle to an 
upright fixed on the -wippen 2 (and therefore 
moves -with it), assists the check in holding up 
the hammer for a repetition of the blow. 
This it does because its front extremity comes 
into contact with the rail 14 before the jack 
reaches the button 8, and being held up by 
spring 19 it remains in contact until after the 
jack has left the button. The damper 16 rests 
on the top of the string, and is lifted by the 
lever 16, which is pivoted to the flange 21 
and lifted by the far end of the key 1. 

R. S. 0. 

Pianoforte : a stringed musical instrument 
in which the sounds are excited by felt- 
faced hammers striking the strings and then 
leaving them to vibrate. See “Sound,” 
§ (29) ; also previous Article. 

PIANO-PLAYER, THE 

§ (1) Development. — The piano-player has 
developed from the old barrel-organ, in which 
the music to be played was produced by 
opening the pallets by stiff wires set in a 
wooden or metal barrel. A patent was taken 
out in 1694 for a machine for playing on any 


keyed instrument, including the virginal and 
harpsichord, so that mechanical players are 
of some antiquity. The pierced paper rolls 
appear to have first been used for -wind instru- 
ments. The openings in the rolls were passed 
over other openings communicating -with 
chambers in which harmonium reeds were 
placed. The air was able to pass through the 
reed and cause it to sound when the opening 
in the paper came over a hole. The paper 
rolls evidently could not be used to strike 
a note on a piano directly, but it is obvious 
that the admission of the air through a out 
in the paper could be used to operate a bellows 
to strike a note. In 1863 Foumoaux in 
Prance took out a patent for striking a note 
on a piano by the aid of air ; but it was Gaily 
of New York in 1881, Bishop and Down in 
England in 1885, and Kuster of New York in 
1887 that really developed the pneumatic 
player. The player was sold as an independent 
instrument up to 1902, and oven after that 
date many separate players were sold. Gradu- 
ally, however, its incorporation into the piano 
itself has become universal. 

§ (2) Pneumatio Action. — The main prin- 
ciples of the pneumatio action had been 
developed by the pipe-organ builders ; it was 
the provision of means for varying the force 
of the blow, traversing the music roll over 
the tracker- bar, adjusting and varying the 
tempo, and emphasising the melody, which 
required to be developed in order to make 
the player a satisfactory iostrumont. 

The mode of action of the player is sho-wn 
in its simplest form in the accompanying 
figure (1). A long sheet of thick perforated 
paper 2 travels from the music roll 3 to the 
take-up spool 1 over the tracker-bar 4. This 
bar is pierced -with a row of 88 narrow slots 
about 3 mm. apart, each hole corresponding 
with one note on the piano which it is to 
actuate. When a perforation m the paper 
passes over one of these slots, it allows a 
little air to enter the duct 5, which communi- 
cates by the tube 6 -with the primary chamber 
7. This chamber is divided into two parts 
by the thin flexible circular diaphragm 8. The 
upper part of this chamber 9 is maintained 
partially exhausted of air, so the sudden differ- 
ence of pressure between the upper and lower, 
parts of this chamber lifts the diaphragm. 
Just above this diaphragm is the lower end or 
disc of the dumb-bell-shaped primary valve, 
which is therefore also lifted. The movement 
of the valve closes the communication between 
the valve tube 12 and the exhausted primary 
chamber 9, and puts it into connection -with 
the atmosphere by the lifting of the upper 
end 11 of the valve. Air is now able to pass 
: through the valve-tube 12 into one side, 14a, of 
I the secondary pneumatic chamber 14. This 
I chamber is also divided into two parts by 
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the secondary diaphragm 13 ; the part 14& ' 
is kept partially exhausted of air, and thus, 
when air is admitted to the other side of ^ 
the diaphragm, the difference of pressure \ ^ 
causes it to move, carrying with it the \ 
secondary valve 16, 16 to which the 
diaphragm is joined. This movement « 
closes the opening from the open air > 
to the channel 17, and puts this channel 


,14a 


The reservoir is a bellows kept open by a 
spring ; the air has to be continuously removed 
from it by working the foot-pedals 
1, which through the pedal-bars 
\ 2 force open the bellows 3 against 

[ the pressure of the spring 4. The 

I pneumatics of a pipe-organ are 

I worked by air, which is at a 

pressure of about 30 cm. of water 
above that of the atmosphere; 
\ but while it is obvious that both 

* — PI primary and secondary pneu- 

matios might bo arranged to work 
with an air pressure which is 
either above or below the atmo- 
spheric pressure, the latter is now 
always used in players, as the 
reduced pressure holds the music 
roll down against the tracker- 
bar, and leakage is avoided, 

§ (4) Motor. — T o carry the 
I music roll from the roll 3 on to 
IT’ the take-up spool 1 of Fiff. 1, 

"Zia the latter is rotated by a 
pneumatic motor, which is also 


into connection with the exhausted chamber 
146, so that air is withdrawn from the 
pneumatic 18, causing it to collapse, and to 
lift the action 20 by means of the connecting 
rod 19. There is a tiny hole 8a called a 
bleed-hole connecting the chamber 9 with 
the tube 6 ; so that when the perforation has 
passed across the aperture in the trackerrbar 
and the slot is once more closed the pressure 
becomes equalised on both sides of the dia- 
phragm 8. This then falls and allows the 
primary valve to fall also. The air is there- 
fore sucked out of the tube 12, the valve 13 
is drawn back, and the pneumatic 18 is 
allowed to open, ready to give another blow. 
All this is very similar to the operation of the 
pneumatic action in the larger pipe-organs. 

§(3) BblIiOWS and Kesmrvoir. — The two 
chambers 9 and 14 of Fig. 1 are kept ox- 
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hausted by being connected through the 
action-box 8 (Fig. 2), trunk 7, and the bollows- 
hoard 6 to the reservoir 6. 



driven by air passing to the reservoir 6. 
The motor consists of five simple bellows 
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1, 2, etc. (Figs. 3 and 4), each joined by a 
connecting rod 4 to a five-throw crank-shaft 6, 
the cranks being at 72® 
in one another. The same 
shaft worlcs slide-valves 7 
by arms (i, which alter- 
nately admit air to each 
of the hollows and i)ut 
it into communication 
with the msorvoir through 
the exhaust 8. 

§ (5) Exprbssion. — T he 
player as it has so far 
been described would run 
at a constant speed, strike 
every note with the same 
force, and altogether fail 
to pick out a melody. 

Thus although its execu- 
tion might be perfect, it Pig, 4 . 
would give none of the 
light and shade and no variety of tempo 
(except such as might bo inoorporatod 
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Into the original cutting of the original 
music roll). In fact, it would, artistically, 
be a failure ; for although the soft pedal 
in the modem piano throws the action for- 
ward and so shortens the blow, this alone 
would be insufficient. A much greater range 
of power can be produced by the rate at which 
the bellows are worked; but the change of 
air pressure so produced would, of course, 
alter the speed as well as the blow. Some 
means of adjusting the air pressure of the 
motor independently, and also that of the 
chamber 14 (of Fig. 1) of'the secondary pneu- 
matic which actuates the final pneumatic 18, 
is therefore essential. This is achieved by the 
pressure-control valve of which the action is 
illustrated in Fig, 6. There is a chamber 2 
communicating both with a small bellows 3 
and mth the reservoir through the rectangular 
aperture 1. A spring connects the top of 
the bellows with a lever 6. The top of the 
bellows is also connected with a knife-valve 5 



by the rod 6. As the pressure diminishes 
in 2 the pressure of the atmosphere on the 
outside of the bellows causes it to collapse 
and to close the valve 6, so stopping the exit 
of the air. Thus the pressure of the air in 2 
is maintained constant; the actual pressure 
depends upon the position of the lever 6, 
which latter is joined by the rod 7 to a lever 
under the control of the operator — ^generally 
at the front of the keyboard. One of these 
valves is put between the motor and the 
reservoir. It controls the tempo at which 
the piece is to be played and is set at the 
beginning of each roll. A second one is put 
in series with this to enable the operator to 
produce accelerations, or retardations, or 
even pauses, in the piece at pleasure. One 
or more similar valves control the supply of 
air to the final pneumatic 18 (Fig. 1). Fre- 
quently there is one to affect all the upper 
notes on the piano and another to operate 
upon the lower notes. 

§(6) Solo Device. — For playing some 
chords louder than others, or a melody louder 
than the accompaniment, there are numerous 
devices. Only two can be described here. 
In one of these the note or notes to be em- 


phasised are out a little behind the other 
notes that should be played together, as 
shown in Fig. 6, where 6, 6, are to be played 
quietly, but 2, 3, 4, are to be emphasised. 
The slots of the latter being a little behind 
those of the 
former, the cor- 
responding pneu- 
matics will act a 
fraction of a 
second later. At 
the edge of the 
music roll there 
is an extra per- 
foration 1, which 
actuates a special pneumatic whose function it 
is to change over the secondary pneumatic 
chamber 14 (Fig. 1) from communication with 
one of the control- valves just described (Fig. 4) 
set at a lower exhaustion, to a second valve 
set at a high exhaustion. Thus after the 
blows have been given by 5 and 6 -svith a small 
pressure difference, the other notes are struck 
with a greater force. The pneumatics for the 
louder notes will be actuated a little later 
than the rest. Though this later speech of 
the emphasised notes might not necessarily be 
disagreeable, it is possible that the notes are 
actually struck almost simultaneously, for 
although the hammers of these notes will start 
an instant later, yet as they are given a greater 
velocity they may reach the wires and strike 
the notes at the same time as the quieter ones. 

The second method makes use of a group 
of perforations at the side of the tracker- bar 
as shown in Fig. 7. The perforations of the 



notes themselves which are to be emphasised 
are not altered in any way. Each of the side 
perforations 1 admits air through a tube 2 
to a primary pneumatic 3, which in the usual 
way actuates through 4 a secondary diaphragm 
5. This diaphragm lets a plate 0 como down 
upon the opening 7 and closes it. The plate 




PICCOLO— PITCH OP A MUSICAL NOTE 


473 


is pierced with a small hole only, and when it 
closes the opening 7 it obstructs the passage 
of the air, and only allows the pneumatic 8 
(which will be actuated if a perforation arrives 
over the opening 9 in the traoker-bar) to 
close gently. Thus if the aperture 9 is opened 
while 1 is closed, the note is struck gently, 
but if 1 is open the note is struck loudly. It 
might be thought that as the perforation 
which is to open 1 has to pass over the other 
holes la, 16, it might cause other notes to be 
louder than those desired ; biit if the distance 
between 1 and la is less than the time interval 
between two notes on the roll, this cannot 
happen. For it will not affect the note if 1 
is open either before or after its note is struck, 
it is only operative if 9 is opened while 1 is 
open. It is obvious that this is a more com- 
plicated way of producing emphasis, but it 
is a positive method To some extent it does 
involve taking liberties with the timing of the 
notes, in order occasionally to avoid emphasis- 
ing a note that does happen to require a 
I)erforation that would have acted just when 
the side perforation was passing over its solo 
hole. 

§ (7) Traokbb Bbviob. — It is of course 
essential that the paper roll shall register 
correctly with the tracker-bar, so that the 
slots out in the music roll may pass exactly 
over the holes they are intended to open. 
To accomplish this, two holes (1 and 2, Fig, 8) 



are added to the bar ; they are close to the 
edge of the roll and are covered by the roU 
when it is in its correct position. The holes 
are connected with the bellows 3 and 4 by 
tubes as shown. The bellows are normally 
kept exhausted by small bleed-holes (6 and 6) 
connected to the air reservoir. When the 
paper does not go quite straight, it opens one 
of the holes, 1 or 2, and the corresponding 
bellows begins to close slowly. By means of 
the bar 5 (which joins the bellows together, 
and so has been balancing their pulls) and 
the lever 6 the tracker-bar is caused to slide 
along, until it once more registers with the 
music roll. 

§(8) Elbotrio Players. — These have also 
been made, a brush making contact with a 
metallic plate through the perforations. In 


the earlier machines the cunent energised an 
electromagnet which acted directly upon the 
piano action. This was very unsatisfactory, 
as if it was attempted to reduce the blow 
by reducing the current the armature might 
not be moved at all, on account of the 
rapid decrease of attractive force with the 
distance. In an interesting player a metal 
cylinder is kept in continual rotation. The 
armatures are arranged a little below and in 
front of this cylinder. Loose straps pass 
from the armature over the cylinder to the 
piano action. When the armature is energised 
the strap is gently tightened, and the friction 
of the revolving cylinder rubbing against the 
strap lifts the action and strikes the blow. 
Power is of course supplied by motors, which 
can be controlled either by varying the current 
or by brakes. 

§(9) Automatio Recording. — Electricity 
has been very successfully applied to recording 
the actual performance of a pianist. Con- 
tacts on the piano keys are connected to 
electromagnets in a punching machine, so 
that the exact instant when the note is 
struck, the length of time that the key is 
hold down, the use of the pedals, and the 
minutest variations in tempo are all recorded. 
In reproducing such a record the operator has 
therefore only to concern himself with the 
intensity of the blow. 

Many records have the music printed upon 
them, so that the operator can render the 
expression more intelligently. This is especi- 
ally nooossary in records which are intended to 
be used as accompaniments to the voice or 
vioUn. B. s. o. 


Piccolo : a wood-wind musical instrument. 
See “ Sound,” § (34). 

Pipe, Conical, calculation of frequonoios of 
vibration of. See “ Sound,” § (52) (v.). 

Pipe, Open, calculation of frequonoios of 
vibration of. See “ Sound,” § (52) (ii.). 
Correction for mouth and open end in 
calculation of froquencios of vibration 
of. See ibid. § (52) (iii.). 

Pipe, Stopped, calculation of froquonoies of 
vibration of. See Sound, § (52) (iv.). 

Pitch oe Musical Instruments, effect of 
change of temperature on, tabulated. See 
“ Sound,” § (52) (vii.), Table X. 

Pitch oe a Musical Note : a term used in 
music to denote the property of the note 
which determines its position in the musical 
range ; the number of vibrations per 
second, or frequency ^ of the sound is adopted 
as a precise physical measure of the pitch. 
See “ Sound,” § (1). 
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Pitches, Typical Musical, in Chronological 
Order, tabulated. See “ Sound,” § (7), 
Table III. - 

Pitchblende, occurrence of, as ore of radium. 
See “ Radium,” § (2). 

Planck’s Radiation Formula. See “ Radia- 
tion Theory,” § (6). 

Plane-tables and Accessories. Seo “ Sur- 
veying and Surveying Instruments,” § (17). 

Plane-tables and Method oe Plane- 
tabling. See " Surveying and Surveying 
Instruments,” §§ (9) (iv.), (16). 

Plate-glass, Manueaoturb op. See “ Glass, 

§ (18) (V.). 

Pleochroism. See “ Polarised Light and its 
Applications,” § (17) (i.), 

Poisson’s Ratio: the ratio of the lateral 
contraction to the longitudinal extension 
of an elastic material ; its value in glass is 
0-21-0-28. See “ Glass,” § (26) (iv.). 

Polar Diagrams, as used in photometry: 
diagrams showing graphically the candle- 
power of a light source in various directions. 
See “ Photometry and Illumination,” § (37). 


POLARIMETRY 

§ (1) Descriptive and Historical. — ^W hen 
certain crystals and liquids are placed between 
crossed Niool prisms, the light will not in 
general remain extinguished. If the light 
source is homogeneous, or approximately so, 
by rotating the analyser {i.e. the polarising 
prism nearer to the eye, the farther one being 
called the polariser) a new position is found 
where complete extinction is again obtained. 
This can be explained by regarding the crystal 
or liquid as having rotated the plane of 
polarisation of the light as it passed through 
the substance. 

The phenomenon can be illustrated schem- 
atically by means of Fig, 1. Consider the case 



of a plane polarised beam of light passing 
through a crystal of quartz along its optic 
axis, the beam before entering the quartz 
being polarised in the azimuth perpendicular 
to AB. The plane of vibration is in the plane 
of AB. When the light enters the quartz, this 
plane is gradually orientated by an amount 
that is proportional to the thickness of quartz 


traversed, until it emerges at G, with the 
direction of the vibration now lying in the 
plane A'B'. Now that the light has left 
the “ optically active ” quartz, the plane of 
vibration of the farther course of the beam 
will be that of A'B' ; and the plane of 
polarisation will be rotated, by passage through 
the quartz, by an angle equal to that between 
AB and A'B'. 

Arago^ observed in 1811 that the effect 
produced when a plate of quartz cut per- 
pendicularly to its axis is placed between a 
polariser and analyser differs from that caused 
by a plate of mica in the same position. 

Biot ^ was the first, however, to point out, 
in 1812, that a rotation of some kind was in- 
volved; he showed® also, in 1916, that this 
property was exhibited by turpentine and a 
number of other substances. The rotation 
depends on the thickness of active medium 
traversed and on the wave-length of the light 
being inversely proportional (approximately) 
to the square of the wave-lon^L The name 
Rotatory Dispersion has been given to this 
property. 

Biot’s polarimeter * had as polariser a 
plate of black glass, set at the polarising angle, 
viz. the angle at which polarisation was most 
complete. This was connected with a fixed 
divided circle by moans of a V-shaped trough 
in which tubes containing liquids could be 
placed. The “ analyser ” consisted of a double- 
image prism, a prism, that is, giving two 
images, one formed by the “ ordinary ” and one 
by the “ extraordinary ” beams, these being 
polarised in planes perpendicular to each other. 
This prism was mounted in a tube carrying an 
index arm by which the angular rotation of 
the analyser could be read on the divided 
circle. The analyser was rotated until the 
image of the light source formed by the 
extraordinary beam was most near to extinc- 
tion. When the optically active substance 
was placed in the trough, the image (from the 
extraordinary beam) would again appear, and 
the analyser rotated until extinction was 
obtained once more. It was with this very 
simple apparatus that Biot made the element- 
ary observations that aro of fundamental 
importance in polarimetry. 

Ventzke * shortly afterwards employed 
Niool prisms as polariser and analyser, thus 
securing complete, polarisation at the polarising 
end, and the elimination of the double image 
at the analyser. 

^ Arago, Mim. de la prm, classe de VInst., 1811, 
xii. 03. 

* Biot, Mdm. de la prem. classe de VInst., 1012, 
Part I. pp. 262-204. 

* Biot, Mi. Soe. PMlomat., 1816, p. 190, or Am rfe 
Chim. et de Phys., 1817, iv. 90. 

Biot, Oompt Rend., 1840, xi. 413; Ann. de Chim. 
et de Phys., 1840 (2), Ixxiv. 401. 

“ Ventzke, Brdman’s Journ. fUr praktisrM Chemie, 
1842, XXV. 06. 
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Mitschcriich ^ was the first to approciato 
the importance of monochromatic light in 
polarimetry ; he also improved the illumina- 
tion by placing a convex lens at the polariser 
end. Landolt, in using the Mitschcriich in- 
strument, determined the point of extinction 
by setting the dark band of complete polarisa- 
tion central in the field, and this was the 
forerunner of the accurate method used by 
Landolt in the construction of his polarimeter 
(cf. infra). The mean error in the readings 
with the Mitscherlich instrument was about 
01 °. 

The Soleil ^ double quartz plate, or bi- 
quartz,” was added to the polariser by 
Robiquet,® and the polarimeter was thereby 
made much more sensitive. 

§ (2) The Biquaktz. — Biot had observed 
that the yellow rays of white light were 
rotated through an angle of 90° by a plate 
of quartz 3-76 mm. thick. Soloil’s biplato, 
which utilised this effect, consisted of two 
semicircular discs of quartz of that thickness, 
the one half being right-handed quartz {Le. 
quartz that orientated the plane polarised 
beam in a clockwise direction as viewed by 
the observer) and the other left-handed 
quartz. The principle underlying its action 
can be seen from fig. 2. Lot AA' bo the 



plane of polarisation of the white light 
entering the biplato. On omorging from 
the biplate the pianos of polarisation of the 
red, yellow, green, etc., rays are indicated 
by dotted linos drawn from 0 and O', 
the points of emergence of the rays. Owing 
to the structural difference in the two kinds 
of quartz, the planes of polarisation aro 
rotated in opposite directions, the one j)hono- 
menon being a mirror image of tho other. 
When the analysing niool is parallel to the 
polariser, the yellow rays (which have been 
rotated an angle of 90° to AA') will be cut 
out entirely. A portion of tho light intensity 

1 Mitschcriich, Lehrbuch der Chemia (4th ed.), 1844, 
cxi. 36. 

‘ Soleil, Compt. Rend., 1845, xx. 1806. 

® Bobiq uot ; of. Sldersky, Polarisation et SaccM- 
rimetrie (2n(l eel.), p. 48 ; Landolt, Das optische 
DrehungsvemUgm, 1898, p. 294. 


of the red, green, and other rays will, how- 
ever, be transmitted, the intensity transmitted 
being proportional to cos^ where 6 is the 
angle that the plane of polarisation (of any 
particular wave-length), after emerging from 
the quartz, makes with that of the analyser. 
The resulting colour of both halves of the field 
is rose-lilac or amethyst. 

In this position 6 is, for the red rays, a 
little loss than 90°, and for the green and 
green- blue a little more than 90°, while for 
all these rays 90-0 is not more than 46°. 

Thus in the right half of the field a slight 
rotation of tho analyser in a clockwise direc- 
tion will cause tho intensity of the red rays 
rapidly to increase, and that of the green and 
green-blue to diminish appreciably, tho result 
being a very rapid change to a distinctly red 
hue. Bor a like reason the rotation causes 
the loft half of the field to change as rapidly 
to a distinct blue. 

Thus in the sensitive region where measure- 
ments are made the tw(^ halves of the field 
will have the same colour or tint only when the 
analyser is parallel to tho polariser. If now 
an optically active substance bo interposed, 
equality of tint can only bo obtained by a 
rotation of tho analyser to compensate for tho 
rotation of tho active substance. When the 
thickness of quartz is, as described above, so 
chosen that the yellow rays are extinguished 
by an analyser that is parallel to tho polariser, 
the residual colour is exceedingly sensitive, 
turning either rod or blue with a very slight 
rotation of tho analyser. Bor this reason it 
has boon called tho sensitive tint, teinte 
de passage, or Vhergangafarbe. In order to 
have a complete ox))lanation of why the 3-76 
mm. quartz plate gives the most accurate 
results, tho following factors must bo oon- 
sidorocl: (1) Rotatory dispersion of quartz; 
(2) energy distribution of tho white light 
spectrum; (3) relative sensibility of the 
average oyo to radiation of different wave- 
lengths. Those together with tho Malus cos* Q 
law and tho three i)rimary sensation curves 
(rod, green, and blue), such as given by Exnor,* 
will give tho change of tint with a given 
rotation of tho analyser, by tho method 
indicated hy Ives.® 

Tho disadvantages of this type are at once 
apparent; it must bo used with white light, 
and tho rotation obtained is approximately 
that for mean yellow light. Even if colour- 
less substances are examined, there is no 
position of tho analyser for which tho tints 
in both halves of the field arc tho same, 
because of tho rotatory dispersion of the 
substance itself, and thus systematic errors 
aro introduced, of a kind extremely difficult 
to determine. This difficulty is considerably 

* Exiicr, Hitz. Wien. Akad., 1,902, abt. Ila, cxl.867, 

® IvoB, Jonrn. Prank. Imt., 1915, dxxx. 073. 




476 


POLAEIMETRY 


increased when the substance is coloured. 
While it is almost impossible for a colour-blind 
person to use this method, there will be per- 
ceptible differences in the readings of normal 
persons, as the relative sensibility curves of 
individual eyes (to radiation of different 
wave-lengths) show considerable variation. 

For these reasons the Soleil double plate is 
never employed in modem measurements. 

§ (3) Jellett’s Prism. — The next and 
probably the most important development 
in polarimetry is due to Jellett,^ who utilised 
the photometric principle of matching two 
illuminated fields by varying their relative 
intensity. The eye is able, under favourable 
conditions, to detect very small differences of 
intensity (when no colour difference exists), 
and it is this principle that underlies the 
construction of all modem polarimeters and 
saccharimeters. A rhomb of Iceland spar is 
cut so as to form a right prism, as in Fig. 3. 
It is then cut in two in a plane B^BC paraUei 
to the long edges of the prism and making a 
small angle a with the longer diagonal PD' 
of the upper face. The one part is then 
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reversed, and cemented to the other as shown 
in Fig. 4. This composite prism is then 
mounted as the analysing prism, and the 
dividing line observed by means of a lens. 
This analyser receives a parallel circular beam 
from the polariser, and this beam is divided 
into four parts as in Fig. 5. The ordinary 
beams (one through each 
prism) remain central and 

I symmetrical about the 

vertical interface ; while 
\ ^ C / extraordinary images 

are refracted to the posi- 
tions F and E'. These 

Fig. 5. extraordinary images can 

be screened off by means 
of a suitable diaphragm at the eye side of 
the analyser. 

Let (in Fig. 6) CD represent the plane of 
polarisation of the polariser, and OA, OB the 
planes of polarisation in the two parts of the 


^ Jellett, Proc. Roy. Irish Acad., June 26, 1860; 
ibid. Jan. 22, 1863. The description of the use of 
this prism usually given seems to originate in an in- 
correct reading of Rep. Brit. Assoc., 1860, ii. 13, and 
is incorrect. 


Jellett analyser. The two halves of the field 
will appear equally bright if the components 
of OA and OB on CP are equal, i.e. if OA is 
taken to equal OB, then they both make 
equal angles with CP. 

If now the analyser 
is rotated so that the 
polariser is in a posi- 
tion O'P' with respect 
to OA and OB, the 
components of the 
latter (C'O, OP' re- 
spectively) are no 
longer equal, the ratio 
of brightness being given, according to the law 
of Malus, as (C'0)/(0P')2. It will be seen 
that under these conditions an equality of 
brightness in two halves of the field affords a 
sensitive means of determining optical rotation. 

§ (4) CoRNtr’s Prism. — Cornu * improved on 
Jeilett’s original prism, using a Nicol prism 
instead of the natural rhomb, the Nicol pri jra 
being divided in two in the same way as in 
Jellett’s rhomb {Fig, 3). Instead of reversing 
the one half so as to have a resulting prism 
of the inconvenient and wasteful shape shown 
in Fig. 4, Cornu removed a thin wedge of 
spar, the apex of which was parallel to the 
long edges of the prism (see Fig. 7). The two 
parts were then cemented together without 
reversal, the planes of polarisation of the 
two parts making an angle with 
each other equal to the angle of 
the wedge of spar removed. 

This composite prism was placed 
at the polariser end, and a Niool 
prism being used as analyser, 
the net result is much the same 
as that of the Jellett arrangement 
previously described, with the main differences 
that the double images of the Jellett prism 
are entirely eliminated, and that while Jellett 
used his prism as analyser, Cornu used his as 
polariser. This form of polariser is generally 
known as the Comu-Jellett prism, and it re- 
mains in common use up to the present time 
for inexpensive polarimeters and sacohari- 
meters. 

It is evident that the angle between the 
planes of polarisation of the Cornu- Jellett 
prism is fixed. This angle is called the “ half 
shadow ” angle, since to it is due that at the 
critical position of matching the field is neither 
dark nor yet completely illuminated. If this 
angle has been made comparatively small 
(say 2®-3®) in order to obtain greater sensitive- 
ness, the prism may become no bettor than an 
ordinary nicol for examining the rotation of a 
light-absorbing substance, since the brightness 
of the field at the matching point, compared 
with the maximum brightness obtainable, is 
proportional to sin^ (g/ 2), where a is the half- 
* Cornu, Bull. Soc. Chim. Paris, 1870, xiv. 140. 
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shadow angle. Further, as will he seen later, 
it is not desirable to make this half-shadow 
angle too great, as the sensitiveness is reduced 
proportionately. 

§ (5) The Latjkeht Polarimetbr. — In 
order to overcome this defect in the Comu- 
Jollett polariser, Laurent ^ used a quartz plate 
covering half of a plane polarised beam from a 
Nicol prism. The principle can be understood 
from Fig. 8. The quartz plate A, whose 
optic axis lies in the 
plane of the . paper, and 
has a direction OB, covers 
half of the circular aper- 
D ture of the field of the 
Nicol prism in front of 
it. The thickness of the 
plate is chosen so that 
the difference between 
the paths of the ordinary 
Tig. 8. a»nd extraordinary rays, 

into which the incident 
plane polarised beam is divided, is some odd 
multiple of half the wave-length of the light 
that is used. If and are the refractive 
indices of the ordinary and extraordinary rays 
in the quartz for a given wave-length \, then 

a = d{n^ - no) = (2m -l- 1 )g, 

when d is the thickness of the plate, and 
5 the path difference introduced. For the 
sodium light and Bg minimum thick- 
ness is 0-0324 mm., but, as this plate would 
be too thin and fragile in practical use, some 
odd multiple of this thickness is chosen so 
that the plate is approximately -5 mm. thick. 

Let OE represent the plane of polarisation, 
and its length the amplitude of the linearly 
polarised homogeneous light coming from the 
polariser, whose piano of polarisation makes an 
angle $12 with the optic axis OB of the quartz 
plate. The plane polarised beam, the direction 
and amplitude of which is given by OE, will, 
on entering the quartz plate, be divided into 
two parts, the one polarised in the plane of 
the optic axis OB and the other perpendicular 
to it in the piano CJ). Thus 00 and OK will 
represent the amplitudes and directions of the 
oomponents at the moment that OE enters the 
plate. These oomponents are in phase with 
each other. 

Since the component of the beam represented 
by OK is accelerated in its passage through 
the quartz by an amount {2m-^l)\J2, m 
being an integer, as compared with the extra- 
ordinary ray 00, the position at emergence 
can be represented graphically by reversing 
the direction of OK, the components in phase 
on emergence being 00 and OJ. Thus the 

» Laurent, Joum. d, Phys., 1874 (T.), ill. 183; 
1879, viii. 164 ; Dlnglor's Poly. Joum., 1877, ccxxiil. 
008. 



resultant OF will represent the piano of 
polarisation after transmission of the beam 
through the quartz. If CD represents the 
plane of polarisation of the analyser, then a 
matching of the fields is obtained when 
the component OJ on CD is equal to the 
component OK from the unobstructed half of 
the field. 

In order to vary the half-shadow angle, all 
that is required is to rotate the plane of 
polarisation of the polarising nicol ; the angle 
that this plane makes with the optic axis of 
the plate is one-half the half -shadow angle. 

This Laurent polariser, while allowing a 
variable halE-shadow angle, is limited as to 
light source, the only permissible one being 
that for which the half-wave plate has been 
cut. The sensitiveness, as in all half- 
shadow polarisers, depends upon the magni- 
tude of this angle, and on the intensity of the 
light source used. Heele ^ somewhat increased 
the sensitiveness by arranging the half-wave 
plate as a circular one mounted on a larger 
glass plate, as in Fig. 9 (i.), and Pellin has 
introduced the modifica- 
tion shown in Fig. 9 (ii.), 
when the retarding plate 
forms a ring around the 
centre of the field as shown. 

When using a bright 
sodium light with a small 
half-shadow angle (about 1^°) and taking 
the precaution suggested by Laurent of using 
a thin plate of potassium bichromate to out 
off the other radiations of sodium, consistent 
settings can be made to within ± J'. 

Lippich® has, however, shown that the Lauront 
polariser cannot be roliod on as an exact moans of 
moasuromont, Sinoo the relative importance of 
this typo of polariser has become oonsidorably smaller 
during tho lost twenty years, it will bo suffioiont 
to mention some of tho main results of Lippioh's 
analysis. Tho toclmioal diffioultios of making tho 
plates perfectly parallel, with tho optic axis lying 
exactly in tho same piano, and of exactly tho oorroot 
thickness lor tho particular wavo-longth chosen, are 
with modem methods perhaps not insuporablo. But 
Lippich found that they certainly wore not made 
with suffioiont accuracy; and oven had they been 
ideally perfect it would havo boon neoossary, in order 
that difforont instruments might agrbe, that tho 
thicknesses of all T^uront plates should bo identical, 
and not merely any odd number of half- wave-length 
retardation. Again, evon if agreement wore thus 
Boourod, the prooiso signifioanoo of rotation measure- 
monts depended on a knowledge of the rotatory dis- 
porsiou of the substance under tost, which knowledge 
could not be obtained on instruments of tho Laurent 
type. 

Finally, one and the same instrumonts give different 
measurements of a rotation with different half- 

■ Heole, ZrUscH. In^kde., 1896, xvi. 269. 

* Llpplch, tSUz. Wien, Alcad., 1800, abt. Ila, xolx. 
695. 
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shadow angles. All these faults result from the 
imperfect homogeneity of all practical light sources. 

Schulz ^ has recently examined the errora duo to 
elliptic polarisation caused by the obliquity of the 
rays falling on the Laurent plate. Ho finds that if 
A is the diameter of the aperture or diaphragm at 
the polariser and B that of the analyser, and L is 
their distance apart, then if A+B = -023L, the error 
caused by obliquity of the rays is not greater than 
•001®. If A and B are to be the same, then for a 
polarimeter to take 200 mm. tubes (li=230 mm.) 
the value of A=»2-6 mm., for a 400 mm. instrument 
(L«=430 mm.) A must not exceed 4*9 mm. 

Notwithstanding the above criticisms, it cannot be 
doubted that the large discrepancies usually found 
in results with different Laurent polarimeters must 
be mainly due to defective manufacture and lack 
of purity of the quartz. 

§ (6) Lippioh’s Polaeisbr. — The polarising 
system of Lippioh,® which is in general use 
in the best polarimeters at present, combines 
the advantages of a variable half-shadow 
angle, and freedom to use either a hetero- 
geneous light source or homogeneous light of 
any desired wave-length. 

In the Lippich system an ordinary nicol A 
10) is followed by a smaller nicol B 
covering half the field. The 
planes of polarisation of the 
prisms A and B make an 
angle 6 with each other, and 
thus it is possible to employ 
the photometric principle of 
Jellett in measuring rota- 
tions, as has hoen previously 
described. In order to have 
a field of uniform brightness 
at the matching point, the 
nicol B must he so designed 
that all the rays followed 
back from any point within 
the diaphragm MN of the 

analyser must pass into A 
without any partial obstruc- 
tion by the small prism B.' 

If a/2 is the half -cone 
angle subtended by the 

analyser diaphragm at C, 
then in order that no light 
from A shall enter the 

analyser after external reflec- 
tion at the surface OF the latter must 
make an angle with the axis 00^ slightly 
greater than a/2 (say (a/2) + §). If the ray NO 
traced back from the analyser is to pass 

through B, without internal reflection, then 

in order that the ray CGr should make a small 
angle e with the side CP the angle PCD must 
be suitably chosen. It is found that if e 
and ^ are made about 10', the angle PCD 



1 Schulz. Phv8, Ze^Uchr., 1920, xxi. 33. 

“ Lippich, Lotos, 1880, ii. ; Zeitschr. Insthde., 1882, 
xii. 383; 1894, xiv. 326 ; Wien. Her* 
1882, Ixxxv 268 ; 1885, xci. 1059 ; 1890, xcix. C96 ; 
1896, cv. 317. 


must be between 92® and 94°. This small 
prism is commonly called the “half Lippich 
prism.” 

Lippich improved on his original two-field 
system by having two half Lippich prisms B 
and G mounted as shown in Pig. 11. The 
resulting field (DEP) is 
divided into throe parts. 

The original intention of 
Lippich was that the iflanos 
of polarisation of tho half 
prisms B and 0 should bo 
slightly inclined to ono 
another, so that if a match 
is made between D and E, 
tho differenco in brightness 
between E and P is just dis- 
cernible. By this moans tho 
range of uncertainty in sot- 
ting should theoretically be 
halved. 

Perhaps tho greatest advan- 
tage of tho threo-Iield system, 
however, lies in tho fac.t that 
it enables the observer to 
correct any slight error in tho 
alignment of tho light source 
with the optical axis of tho 
polarimotor. Tho distribution of the in- 
tensity of illumination over tho field is 
liable to change rapidly with a slight dis- 
placement of the light source, and an error 
due to this cause would generally be far greater 
than that duo to tho lack of sensitiveness of 
tho eye, especially if the observer lias had some 
practice in making polarimotrio measurements. 

Lummor ® has oonstrucU'id a polariser with a field 
dividcsd into four equal parts. This is done by 
adding to a double-Held Lippich system two more 
very small half Lippich prisms each of which covers 
a field ecpml to a half of prism B in Fig. 10. Those 
are placed at tho out<^r edges so that the field is 
divided into four equal parts. In this polariser it 
is not a condition of uniform brightness that is aimed 
at, hut tJio efiually clistiriot appwiranoe of two of tho 
parts on a uniform backgrouncl. 

Whether this type of polariser shows any real 
gain of sonsitivoness over tho lappioh throe-field 
polariser does not appear to hiive been adequately 
tested. The arrangement is too complicated ever to 
come into general use, unless its advantages wore 
very real. In practice it is found difficult enough to 
adjust, and keep in adjustment, tho Lippich three- 
field typo. * 

§ (7) VaETATTON op SBNSITIVBNKflS ’ WITH 

THE Halp-shadow Anolb. — It has boon 
mentioned that tho sensitiveness or accuracy 
of setting with tho photometric matching 
principle of Jellett depends on the half-shadow 
angle. It is generally assumed that tho eye 
can recognise a difference of brightness of 
about I per cent when examining two adjacent 
fields. 

» Lummer, Zeitschr. Tnstkde., 1806, xvl. 209. 
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Let OA and OB (in Fig. 12) represent the 
planes of polarisation in each part, and their 
lengths represent their amplitudes which are 
assumed equal, and lot AOA represent the 
plane of polarisation of the analyser when the 
two fields are equally 
bright. Then, if the 
analyser be rotated a 
very small angle 5 into 
the position A'OA 
such that the beam 
originally polarised in 
the direction OA is, 
after passage through 
the analyser, just per- 
ceptibly brighter than 
that of the other half of the field, OA 
and OB will then make angles of 90-0-5 
and 90-04-5 with the now plane of polarisa- 
tion of the analyser. The ratio of the intensi- 
ties in the two halves will bo, according to the 
law of Malus : 

sin® (0-5)___ 

which gives 


(In obtaining this expression, which gives 5 in 
circular measure, 5 is taken to bo so small 
that cos 5=1 and sin 5 = 5.) 

If 25 is taken to be *99, which is equivalent 
to saying that 1 per cent change of intensity 
can be detected, then 

5= -0026 tan 0. 

Remembering that 0 in Fig. 12 is half of the 
half-shadow angle, the solid lino in Fig. 12 


- ^ tan 0. 
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represents the kind of variation in sensitiveness 
with half -shadow angle that is to be expected 
on theoretical grounds. The actual curve of 
mean error (dotted lino) given by Schulis and 
Gleichon ^ indicates that with a half -shadow 

^ Schulz und Gleichon, Polarieationa'p'parate und 
ihre Stuttgart, 1919, p. 60. 


angle of about 9°-10° the accuracy of setting is 
considerably greater than that showm by the 
theoretical curve. This shows that under 
favourable conditions the eye can detect a 
change of intensity of illumination of about 
•75 per cent. 

It is usually assumed that the cause of the 
rapid loss of sensitiveness as the half -shadow 
angle becomes less than 1® is that the general 
illumination then becomes too faint for accurate 
matching. The chief reason, however, is that 
with such half-shadow angles the effect of the 
elliptic polarisation becomes appreciable. The 
light incident on the analyser is assumed to 
bo completely ^plane. polarised, whilst in prac- 
tice it is always to a slight extent elliptically 
polarised, to an extent depending on the total 
amount, and azimuth of the double refraction, 
present, between the oil or balsam film of the 
X)olarisor and that of the analyser. There is 
also always a slight admixture of depolarised 
light. The effect as soon through the analyser 
can be regarded as merely adding an equal 
amount of general illumination to each field. 
This is not appreciably altered as the half- 
shadow angle js made to approach 0®, and as 
the intensity of illumination from the plane- 
polarised oomj)onont becomes a smaller and 
smaller pro})ortion of the total intensity of the 
field, the analyser has to bo rotated a corre- 
spondingly greater amount before the eye can 
discern a change of intensity. This can be 
easily verified by observing the sensitiveness 
of a polarimeter with a half shadow of 2®-3® 
using a very poor light source, so that the field 
at the matching point is very dark. With such 
an arrangememt a much higher ac^curaoy will 
bo attained than with a half-shadow angle of, 
say, oven when in tho latter case the light 
source is so imiirovod that tho intensity of 
illumination at tho matching point is consider- 
ably brighter than with the larger half -shadow 
angle. 

It can be shown that in consequence of tho 
inequality of the intensity of illumination in 
th(» two halves of an ordinary Lij)pioh polarisor, 
a systematic error is made in the measurement 
of a rotation either if tho substance under 
examination is slightly bi-rofringont or if a 
small amount of accidental double refraction 
is otherwise introduced into the path after 
tho zero reading of tho polarimeter has been 
taken. 

Tliis has not yet been fully investigated, but 
it is found that with a half -shadow angle of 
about 2® and an ellipticity of 1/100 (ratio of 
minor to major axis) the error is of tho 
order of 1'. 

§(8) Wild la’s Polabimetbr.— O ther forms 
of polarisor have been suggested from time 
to time, none of which, however, have come 
into general use. 

In tho form of polarimeter devised by 
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Wilde, ^ both the polariser and analyser are 
ordinary Niool prisms. In order to obtain an 
accurate setting, a Savart plate is mounted 
in front of the analysing nicol. As this con- 
sists of plates of Iceland spar or quartz, the 
optic axes of which make an angle of 45° with 
the direction of the light, and whose principal 
sections are at right angles, a system of inter- 
ference fringes is seen in general. When the 
plane of polarisation of the beam from the 
polarising nicol coincides with the principal 
section of either of the plates, the fringes 
disappear at the centre of the field. By 
Inducing the intensity of the light source, 
the breadth of the band showing no fringes 
can be considerably narrowed, and this can 
then be set symmetrically with respect to a 
pair of cross lines placed at the focal plane 
of two lenses that form a telescopic system 
interposed between the Savart plate and the 
analysing niooL 

The instrument can be used with a homo- 
geneous light source of any wave-length, and 
has the great advantage that a strong light 
source is not required. Considerable practice 
is required before the observer can obtain an 
accuracy of setting comparable with that of a 
half -shadow polariser, as the termination of 
the fringe system is not sharply defined. For 
this reason the Wilde instrument is very 
rarely used. 

§ (9) Landolt and Lippioh. — Landolt ® 
observed that when a very intense light source 
is examined by a pair of wide-angled Niool 
prisms, the field, instead of being uniformly 
dark, is crossed by a narrow black band only. 
This was first explained by Lippioh,^ who 
showed that, due to the varying obliquity of 
the rays incident on the prism, the directions 
of vibration at different parts of the field were 
not strictly parallel. He showed further that 
in the case of Niool prisma whose end faces 
were perpendicular to the axis of the prism 
the direction of the vibration was represented 
by a system of converging lines which met at 
a point P outside the prisms. The direction 
of the plane of polarisation will therefore be 
given by arcs of circle with P as centre. In 
Fig, 14 the solid arcs abet?, etc., will indicate 
the direction of the plane of polarisation at 
any point in the field. 

A similar state of affairs holds in the case 
of the analyser, when the dotted arcs a'b', etc., 
will represent the direction of the planes of 
polarisation of the analyser at various points 
in the field. 

^ Wilde, ijh&r ein neues Poktristrobomet&r, Bern, 
1862 ; Vierteljahrsschrift der Naturf. Oes.. Ztirlch, 
1898, xliii. 57 ; 1899, xliv. 136. 

* Landolt, Das optiscJis DrehungsvermSgen organi- 
scher Substanzen (1st ed. 1879), p. 95. 

® Xippich. Sitz. Wien. Akad,, 1882, Ixxxv. 268. 
Later investigation has shown that the analysis of 
Lippich is only a close approximation, Cf. Borek, 
Verh. d. D. Phys. Qes.f 1919, xxi, 338, 


It will be noticed that these two sets <»f 
curves are only perpendicular to each other 
along the locus FG-J, and therefore compk^t-i* 



darkness will occur only along this line, A 
slight rotation of either the analyser or 
polaiiser will obviously change the position 
of this locus. Lippich made use of this fringti 
in the construction of a polarimeter, when 
the position of the fringe with reference to a 
pair of cross-hairs served as the critcriofi 
instead of the matching of fields as in a half« 
shadow polariser. By this means Lippitd* 
states that it is possible to set the analysing 
niool to withm two or three seconds of arc,< 
an accuracy considerably greater than that 
obtained by any type of half -shadow polariser. 
In order to see the fringe, the light sourt*»^ 
must be very intense {e.g. sunlight or tlu^ 
electric arc), and so the method cannot bo con. 
veniently applied for polarimetric work, sin(’#* 
it is difficult to obtain the necessarily homo» 
geneous light source of the required intensity. 

§ (10) Lttmmbr’s Polarimbtbr. — In th«» 
polariser evolved by Lummer,* plane polariiWHl 
light falls on a 45° prism the hypotenuse faof< 
of which has silvered strips S {Fig, 15). Thi» 
light enters the prism normal to the fatv* 
ABCD. The portion falling on the unsilver<*<l 
part of the hypotenuse face ABEP is totally 
reflected, while the light falling on the silverwl 
surface suffers metallic reflection. If the plant' 
of polarisation of the incident beam is paralU'l 
or perpendicular to the plane of roflectitm, 
the planes of polarisation of the roflecl,i'<l 
beams (total reflection and metallic reflection! 
will be coincident. If the polarising nicol U 
rotated through an angle the portions t»f 
the beam suffering total reflection will I**' 
rotated an angle 6° from its original azimuth, 

* G. Bruhat and M. Hanot claim that it is 
possible to measure a rotation of the order of Sii» 
by this method with an error loss than V, Wltl* 
intense sources, e.g. mercury arc, this error can 
reduced by half. Acad, Science, Paris, May 30, ^92 1, 

* Lummer, Verh, d, Oes. DeuUch, Jsaturf. u. ArA' 
Wien, 1894 (II.), i. 79; Zeitsch./ii/r Inskde., 1805, xv 
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while that reflected from the silver strips will 
be rotated through an equal angle in the 
opposite direction. A half -shadow arrange- 


B 



ment is thus obtained, as in the case of the 
Lippioh system, vdth a half -shadow angle of 
2^, which can be varied as required. 

Owing to the comparatively large amount of 
glass in the path, the effect of small amounts 
of double refraction, which is negligible in thin 
plates, now becomes appreciable and the field 
at the matching point is not uniform, having 
brighter or darker patches in the field of view. 
With a large half -shadow angle, the linearly 
polarised light becomes elliptically polarised, 
and, as can be shown from the electromagnetic 
theory, the ellipticity will bo different in the 
two oases. For half -shadow angles as used in 
practical work, the ellipticity introduced at 
reflection is negligible, the only drawback 
being the double refraction due to lack of 
homogeneity and annealing of the glass. 

It is possible that, as the technique of 
optical glass manufacture is improved, this 
type of polariser may come into common use. 
A detailed investigation of its properties has 
been made by Volke.^ 

§ (11) Gbnbral Oonsipbrations. — ^A laige 
number of polarisers have been devised which 
depend on the double refraction or rotatory 
power of quartz for their half-shadow effect, 
and a typical example, the Laurent plate, has 
been described in detail. 

A most serious objection to this class of 
polariser is the groat scarcity of optically 
good quartz, the purity of which immediately 
sots the limit to the accuracy and sensitiveness 
of the particular polariser. From this cause 
alone a considerable variation is to be ex- 
pected between the performances of individual 
polarisers of any one typo. 

(i.) Poynting'fi Polariser . — The polariser of 
Poynting ® is made by dividing a circular plate 
of quartz, out perpendicular to the optic 
axis, along the diameter. One half is slightly 
reduced in thickness and the two hahj-es 
reunited. The half-shadow effect is obtained 
by the difference of the rotation produced in 
each half of the plate. The half -shadow angle 

^ Voiko, Inaugural - Dissertation, Breslau, 1909. 
Sco also Voiko, Ann. d. PhysHc, 1910, xxxi. 609. 

“ Poynting, Phil. Mag., 1880 (6), x. 18. 


is therefore a fixed one, and furthermore it 
is necessary to employ a homogeneous light 
source to avoid the effects of rotatory dis- 
persion. 

(ii.) Nakamura’s Polariser. — Nakamura® has 
shown that maximum sensitiveness of a Soleil 
double quartz plate is obtained when the 
plate is approximately -4 mm. thick, instead 
of 3-5 mm. or 7 mm. as originally used. 
Wright^ independently arrived at the same 
conclusion, and as this polariser admits of 
only one fixed half -shadow angle, the latter ® 
has evolved an ingenious application, which 
not only affords a variable half -shadow angle, 
but also gives this variation without a change 
of the zero position of the analyser — a most 
important consideration in the case of sacchari- 
moters. It consists of two wedges of quartz 
of equal angle but of opposite rotation, the 
one mounted above the other as shown in 
Fig. 16, and immediately behind each half 



wedge is a parallel plate of quartz of opposite 
rotation. The dimensions suggested by Wright 
for polarimetric work are given in the figure. 
It will be soon that at a point 3-3, mm. from 
the thinner end of tho wedge the total rotation 
is zero in both parts, since the thickness of the 
double wedge is then the same as that of the 
double plate of opposite rotation. The field 
of view when the nicols are crossed will there- 
fore be comparatively bright, except for a 
narrow dark band at this point, which vdll 
run vertically across the field. If either niool 
is given a slight rotation the part of tho dark 

• Nakamura, Centralblatt, filr Min., 1006, pp. 267- 
279. 

* "WriKht, Amer. Jowm. Sci, 1908, xxvl. 377. 

» Ihid, pp. 391-398. 
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band in the upper wedge will move rapidly 
in one direction, whilst the dark band in the 
lower wedge will move a corresponding 
distance in the opposite direction. In using 
this device an approximate setting is first 
made, and biquartz wedge is then placed in 
the path, the accurate reading being obtained 
by rotating the analysing nicol until the black 
bands are brought in alignment. 

As the thicker end of the double wedge is 
moved into the field, the coincidence of the 
two parts of the black band remains unaltered, 
the field itself becoming generally brighter 
while the band itself is not so sharply defined. 
With wedges of the dimensions given in Fig. 
16, illumination, equivalent to that given by 
a Lippich polariser of 16° half-shadow angle, 
is obtained when the thicker end of the wedge 
is in the field of view. As only one magnify- 
ing lens is needed, the usual light-absorbing 
observing telescope can be dispensed with. 
This form of polariser has not yet been 
employed in any commercial polarimeter or 
saocharimeter. 

(iii.) Brace's Polariser . — Probably the most 
sensitive and accurate form of half -shadow 
polariser is that of Brace. ^ Essentially it 
consists of two plates of mica mounted 
between crossed nieols. The first consists of 
a* strip (about *00017 mm. thick or 
retardation) covering part of the field, and 
is fixed ; the second “ compensator ” plate 
covers the whole field and has a retardation 
of Two positions of the compensator plate 
can be found at which the intensity of the 
light is uniform over the whole field. By 
varying the angle which the principal section 
of the strip makes with the azimuth of the 
polariser (or analyser) a variable half -shadow 
effect is obtained. For a complete account 
of the principles underlying its use, reference 
must be made to the original papers. The 
main advantages of this polariser are that the 
separating line is vanishingly fine, and that 
the double refraction due to strain between 
the polariser and analyser is reduced to a 
minimum, so that it can be successfully used 
with what is equivalent to a very small half- 
shadow angle. It is mostly used for deter- 
mination of ellipticities ; with a very thin 
sensitive strip a change of phase of 6*2 x 10"^ 
can be detected under favourable conditions. 
Bates ® has applied this type of polariser to 
a spectra polarimeter and found the extreme 
differences of readings less than *007°. The 
Brace system is, however, rather fragile, and 
its use is not recommended except in work 
requiring the highest obtainable precision.® 

§ (12) CONSTUrOTION AND MECHANICAL 
Design of Polarimetbrs. Simple Types.— 

1904 , 

xyiii. 70 ; FJiys. Rev., 1904, xix. 218. 

* Bates, d. PhyHk, 1903 (4), xii. 1096. 

» Cvrcl. Bur. Sta., 1918, No. 44, p. 12. 


Since the requirements in polarimotry aro so 
varied, it is only to bo expected that the 
various types available should bo numerous. 
For many purposes, such as urine analysis, an 
accuracy of measurement of *1° is sufficient, 
and a simple instrument such as is shown in 
Fig. 17 is all that is required. The polarising 
system P is connected to a divided circle C 



by moans of the bracket B. The analysing 
system can be rotated by moans of the lover 
A, and its azimuth is given by the index arm 
I. The observation tube T rests on suitable 
supports at each end, and the whole instru- 
ment is supported by a tripod stand Y. 

In making an observation, the sodium light 
source S is either focussed on the polariser end 
P or brought as near to it as is possible with- 
out unduly warming the polariser, tlio tube 
T is filled with water and placed in position, 
the eyepiece R. of the observing teleseoiw is 
either pushed in or drawn out, until a sharp 
image of the separating lino of tlu^ polariwT is 
seen. The arm A is rotated until a poaitifjn is’ 
reached when the two fields are equally dark 
If the index arm I does not then roa<l exat»tly 
0° or 180°, the procedure is as follows. Tho 
analysing nicol is mounted in a tube with a 
short arm L fastened to it. This tube again 
in turn fits in tho outer tube to which A is 
fixed, and the analyser can bo rotated a small 
amount with respect to it by moans of thumb- 
screws which boar on L in the manner shown. 
The arm A is moved, therefore, until th(^ intlex 
arm reads 0, and tho thumb-screws turned 
until a match is obtained. Tho tube T is now 
filled with tho liquid to bo examined, and in 
general both pans of the field will appear 
bright. The arm A is again rotatrcnl until a 
position of equal darkness is ohtaine<l. I’ho 
new reading of tho index arm will give the 
rotation of the substance. 

In some forms the whole instrument can bo 
inclined, and clamped in any position by means 
of a swivel joint and bolt. This obviates 
the necessity of raising or lowering the light 
source to suit the instrument. The circle C is 
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generally about 3 in. in diameter and divided 
into degrees ; the possible error in measurement 
is therefore -1° or *2°. When slightly greater 
accuracy is required, a vernier reading to 0*1° 
is engraved on the arm I instead of the single 
fiduciary line, and it is often the practice to 
mount a magnifying lens on this movable 
index arm, vdth a small mirror attached to it 
that projects outside the circle and reflects 
on to the scale and vernier enough light from 
the source a to make a reading possible in an 
otherwise darkened room. 

The optical arrangement is shown in Fig, 18. 
The source s being either focussed on or close 
to the aperture A, the latter can he considered 
as the virtual light source. The position and 
focal length of the condenser C are chosen so 


case, instead of reversing the one half prism 
as described by Jollett (see § (3)), two small 
natural rhombs are taken, and a section abed 
(Fig. 19) is cut with the long sides ad and be 
parallel to the cleavage edges of the rhomb, but 
with ab and cd making an angle 90° - 6 with 
the principal section EF which contains the 
optic axis of the crystal ; while in the second 
rhomb ab is made to give an angle 90 -I- d. with 
EF. When these are joined or cemented to- 
gether with their corresponding faces abed in 
contact, the principal section of the one half 
makes an angle of 26 with that of the other. In 
order to have a sharp separating lino, the one 
rhomb is placed a few millimetres behind the 
other so that the single edge ab of the one rhomb 
forms the separating lino. The comer G of each 
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Fig. 18 . 


that the ima'fee of the stop A falls on the 
objective M of the observing telescope. The 
polarising system immediately follows the 
condenser. In the figure the Laurent polariser 
is shown, D being the polarising nicol, and E 
the half-wave plate covering a part of the 
field. In this type of instrument having a 
fixed half - shadow angle, the Cornu - Jollett 
polariser is often omj)loyed instead of the 
Laurent. A second diaphragm F limits the 
beam and prevents stray illumination by 
reflection from the sides of the observation 
tube OH. The oalcite prisms are difficult to 
clean without sc^ratohing; a thin i)rotocting 
window K'is therefore mounted in the aperture 
F, and a similar one K at J. A low-power 
telescope MN immediately follows the analyser 
L, and this is adjusted to give a clear imago 
of the separating lino of E in the field of view. 

Since the radiation from a sodium burner 
consists of linos in blue and other parts of the 
spectrum as well as the strong yellow radiation, 
a filter B (Fig. 18) of potassium bichromate is 
placed close to the aperture A, This usually 
consists of either a thin plate (about 1 mm.) 
of potassium bichromate crystal balsamed in 
between two glass cover plates, or a glass coll 
containing a solution of the bichromate in 
water. 

The instrument described above is as 
manufactured by Beilin; in a corresponding 
simple polarimeter of Schmidt and Haensch, a 
Lippich polariser with a fixed half -shadow 
angle is employed. 

In the corresponding polarimeter of Belling- 
ham and Stanley, which reads by vernier to 
•05°, the polariser consists cither of a Laurent 
plate or a modified Jollett prism. In the latter 


rhomb is ground into a flat surface parallel to 
the lino cd, but making a small angle with the 
plane abed. This allows greater latitude in 
adjustment without the extraordinary ray 
from G coming into the field of view. This 
polariser forms a single detachable unit that 
can bo quickly interchanged. 

The circle is bevelled at 45° to its own plane, 
and the vernier is engraved on another fixed 



circle similarly bovollod. The graduated scale 
and vernier therefore lie in the same surface, 
and no parallax error can bo introduced. Since 
this vernier is engraved on a second complete 
circle instead of on a narrow index arm, the 
danger of widening the sj)aoo between the scale 
and vernier, oausod by accidental knocks, is 
considerably lessoned. In this instrument the 
vernier is fixed while the circle rotates with the 
analyser. In order to avoid the acoidontal 
tilting of the instrument, which is liable to 
occur in the typo shown in Fig, 17 when the 
thumb -screw of the swivel w has not been 
sufficiently tightened, the girder connecting 
the polariser and analyser is furnished with 
two bored holes into either of which the 
upright of the tripod can bo placed. The one 
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supports the instrument in a rigid horizontal 
position, and the other inclines the polarisor 
end downwards, at an angle of about 15°. 
This instrument has a movable trough, con- 
sisting of two close - fitting circular tubes. 
Except for a narrow portion at each end, 
nearly a half of each tube is cut away, so that 
the tube holding the liquid to be examined can 
be inserted. When the inner tube is now 
rotated by a suitable knob through an angle of 
approximately 180°, the observation tube is 
completely enclosed. The chief advantage of 
this kind of trough is that no hinges are 
required ; these often corrode after coming in 
contact with some of the liquids used in polari- 
metrio analysis. 

The vernier is engraved to road directly to 
•06°. 

§ (13) High Aootjeaoy Polarimhtees. — 
When an accuracy of *01° is required, several 


changes are necessary, the most important 
being that of eliminating the eccentric error 
in the circle .graduation. After the circle 
has been turned, it is usually mounted on 
the spindle of another machine for dividing, 
consequently the common centre of the radial 
graduation lines will not coincide with the true 
centre of the circle when a small particle of 
matter is lodged between the spindle and the 
sleeve of the circle. Unless exceptional care 
is exercised, the error in measuring an angle of 
about 90° may amount to -02°. If two verniers 
are used, mounted approximately at 180° to 
each other, this error is eliminated if the mean, 
value of a rotation (as given by each vernier) 
is taken as the true rotation. This will hold 
good for eccentricities up to any likely to 
occur in practice. When the use of the polari- 
meter is not confined to a special purpose, a 
variable half -shadow angle becomes almost 
a necessity. Furthermore, it is desirable to 
make the instrument as rigid as possible, and 
since a small change from alignment with the 
light source may cause an appreciable error 


in the measurement, the instrument should 
stand firmly on the table or bench. For those 
reasons it is usual to design the more accurate 
instruments to have trostlo mounts with a 
substantial base. In addition, the s])ace sur- 
rounding the oi)tical axis of the instrument, 
between the polarisor and analyser, shotild be 
as free as possible, to allow for the interposi- 
tion of electromagnets, thermostats, or electric 
furnaces, as may bo required. 

In order to 8ht)W the mechanical construc- 
tion of a modern accurate polariineter, the 
construction and sotting of one instrument will 
bo described in detail and the more important 
differences in the design of rather nianxifacturers 
will bo noted. 

(i.) Adam IHlger, Ltd , — In the polarimeter 
illustrated in Fig. 20 (made by Adam Ililger, 
Ltd., London) the half-shadow angle of the 
polarisor is varied by moans of the small lever 
arm A which moves behind 
a small fixed scale giving 
directly the half-shsdow angle; 
by moans of the small thumb- 
screw showm, it can be clamped 
in any position. The vernlera 
G(i| at the analyser end are 
fixed while the circle can be 
rotated with the analysing 
uicol. The verniers are ob- 
served by means of the low- 
power eyepiece* MM, 

A monochromatic light 
Bounce is placed in alignment 
with the optical axis of the 
instrument, and in such a 
position that a real image 
of it is formwl approximately 
at the analyser. The eye- 
piece N of the low-pow'or obw^rving t(de- 
soope is moved in or out until the eciges of 
the half hippie, h prisms at f.he polarist^r are 
sharply in focus. The circle F is set at the 
zero position. If the three parl*s of the fleUl 
are not of equal intensity, the analym^r is 
slightly rotated by moans of th(^ thtimb-Hcr<'W» 
at L while the cirede remains stationary. 

The trough (3 c.an be raiwwl or lowere«l {>r 
slightly tilted by means of knurled nuts on the 
screws DD. If a largo obw^rvatiou tube is to 
be used the trough must be (correspondingly 
lowered so that the centre (if the tube 
corresponds with the ()pti(ial axis of the 
instrument. 

The observation tube being plac^ed in posi- 
tion, the circle F will have to be rotated a 
new position before a match of the fields Is 
obtained. When this position has be(m found 
approximaloly the screw' head U is tiglitened. 
A ring with a projecting arm J fits smoothly «n 

collar that forms an integral part of the 
oxrclo. When R is tighteniid, this ring, an<l 
consequently the arm J, is clam|)ed to the circle. 



Fig. 20. 
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The latter can therefore be slowly rotated by 
turning the screw K which bears against the 
arm J. When the end of the screw K is njoving 
away from J, the latter is kept in contact with 
the screw by pressure of the spring and plunger 
H on the other side, A slow motion arrange- 
ment such as the one explained above is practi- 
cally a necessity when settings have to be made 
to within *01°. 

The trough G slides on the pins E for 
centring, and can be quickly removed when 
required. If necessary, the bar B connecting 
the polariser and analyser can also be un- 
screwed and removed, as the trestle mounts 
PP are sufficiently rigidly attached to the 
massive iron base S. 

(ii.) JBelUngJoam and Stanley . — In the corre- 
sponding Bellingham and Stanley (London) 
polarimeter special attention has been devoted 
to the illumination of the circle, as shown 
diagrammatically in Fig. 21. The scale and 



verniers arc turned conically away from the 
observer, and are illuminated by light from 
the source. A piano mirror sot approxiraatoly 
parallel to the face of the vernier and scale, 
as shown, servos to reflect the light into tho 
low-power eyepiece M. A similar arrangement 
(not shown in tho diagram) is mounted on tho 
opposite side so that tho oooentrio error can 
be eliminated. Tho scale circle can bo rotated 
and sot approximately by moans of tho capstan 
heads PP, tho final adjustment being made 
with a slow motion similar in principle to 
that already described. 

For very accurate work it is necessary to 
have tho room in complete darkness, so that 
the condition generally known as the “ dark 
adapted eye ” may be obtained. All the light 
from the source other than that entering tho 
polariser must then be screened off, and tho 
scale and verniers have to bo illuminated 
independently as in other instruments. But 
it is an appreciable advantage of this arrange- 
ment that the graduations do not become 
clouded with moisture from the breath of tho 
observer, as the scale is turned away from 
him. When a variable half -shadow polariser 
is required with this instrument, a modified 
Lippioh system is supplied instead of tho 
Jellott arrangement previously described. Here 


the long rhombs of spar (that form the com- 
ponents of the Jellett prism) are placed in tho 
usual positions of the half Lippich prisms, and 
the large nicol is rotated to vary tho half -shadow 
angle as usual. A circular trough is used 
instead of the V-shaped trough of the Hilgor 
instrument ; this can bo quickly removed, and 
two adjustable V -shaped supports can bo used 
to hold an observation tube that is either too 
large or too small for the trough. 

(iii.) Schynidt and Haensch. — Correspond- 
ing polarimeters of Goerz and Schmidt and 
Haensch (Berlin) are generally similar in 
design to the Hilger instrument described 
above, except that the circles in these instru- 
ments are completely encased so as to keep 
the scales from tarnishing in a chemical 
laboratory. In the Goerz instrument the 
parts PP and S of Fig. 20 are one casting, 
PP being massive iron pillars. 

It is also customary to fit a small circular 
table on the base S, which can be raised or 
lowered as required. 

The largo polarimeter made by Schmidt and 
Haensch at the instance of Landolt has some 
interesting features. The trestle holding tho 
analyser circle is about two inches thick, so as 
to ensure a smooth-running circle ; tho bush in 
which the rotating tube from the circle turns 
is long enough to ensure that there will be 
no sagging of tho circle due to tho projecting 
weight. The optical axis of the instrument is 
only about C" above tho upper face of the 
base, compared with 9" as is usual, thus 
making tho instrument exceptionally rigid. 
Instead of a single trough, a series of four are 
mounted side by side on a common axis, so 
that any one trough can bo quickly brought 
into tho optical axis of tho instruments, This 
serves for tho rapid intoroomparison of the 
rotations in two or more observation tubes 
without tho necessity of handling thorn and 
the oonsequont temporary rise in temperature. 

§(14) Sphotro-pol AMMETERS. — ^It is ofton 
necessary to detormino tho rotation of sub- 
stances for various wave-lengths that cannot 
be obtained singly with tho same ease as the 
yellow doublet of sodium. In the method 
devised by Eisieau and Foucault,^ a slit is 
placed at tho polariser of a simple polarimeter 
(consisting of two Nicol prisms and a graduated 
circle) with a i)nsm and telescope. Sunlight 
is used as the light source. The nicols are 
crossed in tho absence of tho optically active 
material; when tho latter is placed in the 
path a spectrum is seen at tho telesoope. On 
rotating the analyser, a dark band will be 
soon to move across the spectrum, and tho 
rotation of tho substance for a given wave- 
length is given by tho amount that the analyser 
has to be rotated until the black band is at the 
position of that wave-length in the spectrum. 

^ Flzoau et Foucault, Cornet. Rend,, 1846, xxl. 1165. 
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The method has been improved by Lippich^ 
and others, but it only gives good results when 
the rotatory dispersion is large. 

A convenient method of accurately deter- 
naining the rotatory power of substances for 
different wave-lengths is shown in Fig. 22, 
the arrangement being similar to that used by 
Lowry ® in his investigation on the rotatory 
dispersion of quartz. The light source S is 
placed at the focal plane of the short focussed 


plane of polarisation is parallel to that of the 
analyser, there is no appreciable reduction of 
intensity on transmission through the aruilyKor. 

It follows, therefore, that in order that the«u 
radiations may not induenco the sensitivenei*a 
or the position of mat(diing for tho particular 
wave-length that is d(^Hirod, the proportion 
passing through tho slit must at most ho of 
tho order of -1 per c(Mit. Owing to slight 
scattering at the refracting surfaces of the 
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condenser W, which is close to 
the slit A, so that the latter is 
uniformly illuminated. To secure 
brightness of the final image the 
focal length of the condenser is 
so chosen that the light from S 
(which has a definite magnitude) 
fills the objective B of the col- 
limator, or so much of it as is operative in 
forming the final image. The parallel beam 
emerging from B enters a constant deviation 
prism 0, and the resulting spectrum is focussed 
at the slit F of the polariser by means of the 
long focussed objective D. The Lippioh 


deviating prism, lenses, ote., this spectral 
purity can never bo attained in praclieo. It 
is therefore desirable to use a He(M>nd Hi«>ctrt>- 
scopo in tho form of a direcjt vision prism V 
at tho analyser. lf» for example, a (quarts 
mercury lamp be used tis the sourets and it 
is desired to (observe the rotation of a suhstanee 
for tho green line (r)4(n), this liiu^ is set on 
tho slit F of the polariser. When the analyser 
is rotated to the mat(?hing position, and the 
slits F being narrow, the green band as seen 
through N will l>e aetjompanied by slightly 
fainter bands of yellow and violet. When a 
rotatory dispersive inodiurn w plaecul Iwtw’etm 
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polariser N 1 N 2 , which is usually 
of the three-field type, is ar- 
ranged so that the separating 
lines are horizontal. 0 and H 
are glass protecting covers for 
the polariser and analyser 
niools. 

When the fields are matched 
with a half -shadow angle of 
the intensity of illumina- 
tion is only about •! per cent of the intensity 
when the polariser and analyser are parallel 
(theoretically it is -06 per cent, but a slightly 
higher percentage is transmitted owing to the 
almost inevitable elliptic polarisation in the 
light when it reaches the analyser). When 
an active substance is placed in the tube, the 
planes of polarisation of other wave-lengths 
may lie in azimuths considerably different 
from that of the analyser, so that the latter 
only reduces their intensities slightly. In the 
extreme case of a particular wave-length whose 

» Lippioh, Wi£n. Sitzungsber., 1882 (11.), Ixxxv. 307. 

* Lowry, PhU. Trans., 1912, ccxii. 261. 


tho polariser and nualyHcr, those may l>oooin« 
so important as to ])rcvont an acourat<^ rtnuUng 
of tho rotation of the green ray, as dtsscriluHl Irt 
general terms above. 

One of tho wiitors luis found that somew’hat 
bettor results arc obtained with an arruiige* 
mont as shown in Fig. 23. Herts tho light 
source S is focimed on tlus slit A by nusans 
of the condenser W, and Iht' light of a particular 
wave-length emerging fnuii the prism V is 
focussed by means of the lens I) on tlie 
objective 0 of tho observing tt^lesc'ope (tho 
usual condition of illuminati<»n in iHdarimetry). 
The whole of tho fic^ld at F is uniformly 
illuminated, and the slit tsan ho ojKMit'd until 
the yellow and green bauds (HUj>i)c»Hing a 
mercury light source is nH<Kl) as seen with tho 
direct vision prism nearly overlap. 

The diaphragm Q in 22 ami 23 
to eliminate tho effects of internal rt^fUnitiim 
in the observation tube. 

The mechanical construction of the Hfiectni- 
polarimeter, made by Adam Hilger, Ltd., can 
be seen from Fig. 24. The monochrfjmator, 
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polariser, and analyser form separate tinits 
that can be clamped in any position along 
the girder bed. In the illustration they are 
arranged for a trough to take observation 
tubes up to 100 cm. long. The drum of the 
monochromator has a long rod attached to 
it so that various wave-lengths can be set from 
the analyser end. While it is not absolutely 
necessary, it is best to use a direct vision 
prism that does not greatly deviate the par- 


as the light source. The small aperture 
diaphragms are removable so that the instru- 
ment can also be used for ordinary polarimetry, 
where the supply of a substance is sufficient 
for the usual observation tubes. 

(ii.) Diabetometer . — When the total rotation 
of the substance is small it is possible to 
dispense with the circle and yet be able to 
measure a rotation accurately. In the dia- 
betometer of Yvon, as made by Ph. Pellin 
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ticular wave-length that is employed; thus 
a sot of three interchangeable prisms giving 
direct vision for the red, green, and violet 
respectively are required for a complete ex- 
amination of the rotation of a substance over 
the whole visible spectrum. 

In a speotro-polarimeter of Bellingham and 
Stanley, the light source is placed directly 
above the prism (no collimator and slit being 
used), whilst in the Schmidt and Haonsch 
instrument a direct vision spectro- 
scope is mounted with a second 
slit, at the focal plane of the con- 
denser in the polariser head. 

§ (15) POLABIMHTIDRS FOR 

Special Pxjrposbs. (i.) Micro- 
polarhneter . — ^When it is neces- 
sary to find the rotation of 
substances that can only be 
obtained in small quantities, 
diaphragms are mounted at both 
F and J {Fig. 18) so as to limit 
the beam: The tube into which 
the substance is placed has often 
to bo a capillary tube of about 1 mm. diameter. 
In the instrument made by Schmidt and 
Haonsch the diaphragms at F and J have, 
therefore, apertures slightly loss than this, in 
order to avoid possible reflections from the 
walls of the tube. As the field of view is so 
small (it is not practicable greatly to incretiso 
the magnification of the observing telescope 
without making the field too faint for accurate 
sotting) it is best to use a two-field Lippioh 
polariser, the separating lino of the half 
Lippioh prism always bisecting the field what- 
ever size diaphragm s arc used. This instrument 
is fitted with a direct vision spectroscope (as 
described above), with a Nornst lamp attached 



(Paris), the analysing nicol is mounted in the 
tube A {Fig. 25). When the screw D is turned 
by means of the divided drum E, the i)art B, 
being engaged to the screw, is rotated about 
the centre of A. The block 0 is merely to 
prevent B from turning too easily, as the screw 
will have to move this backwards and forwards 
against the frictional pressure of the spring. 

The scale on the drum is gradu- 
ated so as to give directly the 
number of grammes per litre 
of sugar or glucose in diabetic 
urine, allowance being made for 
the addition of 10 per cent (by 
volume) of subaoetate of lead 
needed for clarification. 

§ (10) IjIGHT SoUROES li-OR 
POLARIMETRIO WOUK. — As 
sources of sodium light a very 
largo number of lamps have 
boon designed. For most pur- 
poses it is Bufficient to use a 
piece of fused borax on the 
grid of a Mokor-Bunson burner; 
in many commercial lamps, the salt is con- 
tained in a platinum boat, and ospooially 
when a coal gas - oxygon flame is used, 
tho intensity is considerably greater. The 
Bureau of Standards found ^ that for an intense 
sodium light source it is best to feed some 
form of fused NaaCO^ into an oxy-hydrogen 
flame. Tho borax must not bo allowed to melt 
too quickly, otherwise a reversal of tho lines 
is obtained, Fgr precision work, tho Na lines 
must bo regarded as an inferior source, since, 
although the separation of the lines (0 A.) is 
too groat to consider tho doublet as a homo- 

* Circl. Bur. StandardSt 1018 (2rul od.), No. 44, 

p. 16. 
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geneous source, yet the lines are too close 
for convenient spectroscopic separation. 

"The green line of mercury (5461 A.) forms a 
very suitable light source for spectro-polari- 
metric work. Although this line has a com- 
plex structure when analysed by means of 
an echelon grating .or other high resolving 
apparatus, the difference in wave-length be- 
tween its extreme satellites is less than *4 A., 
fifteen times less than the separation of the 
two sodium lines, and it is found that it can be 
regarded as homogeneous for rotations as 
great as 250°. If a quartz mercury-vapour 
lamp of the type manufactured by the Westing- 
house Cooper-Hewitt Co. is used, this source 


unfortunately no reliable cadmium vapour 
lamp has yet been put on the market. 

§ (17) Observation Tubes. — The simplest 
form of polarimeter tube is shown in the left- 
hand part of Fig. 26. It consists of a straight 
tube of glass of an internal diameter of about 
10 mm. and with walls about 2 mm. thick. 
The ends are ground to the correct length, 
and should be parallel to within a minute 
of arc. The ring C, the outside of which is 
threaded, is cemented on the glass tube, so 
that the latter projects slightly. The end cap 
D screws on the ring 0, and this carries the 
end plate or cover glass G. In order that 
the plate should bo held evenly against the 



is of great intensity, and can be used inde- 
finitely with little or no attention ; although 
its radiations are, owing to the higher pressure, 
not so homogeneous as those of the glass tube 
lamps of the same company. The violet 
line of mercury, though not so prominent, can 
be successfully employed; the yellow lines 
cannot be so readily used, since here we are 
confronted with the same difSiculty as in the 
case of the sodium doublet, a separation of 
only 21 A, The most useful lines are therefore 
6461 (green) and 4369 blue (the blue -green 


end of the glass tube, a soft rubber washer R 
is placed between the plate and the face of 
the end cap. 

Unless the tube is very carefully filled a 
small bubble of air is loft in the tube, which 
often materially obstructs the path of the 
beam. This difficulty was ovoroomo by 
Schmidt and Haensch (Berlin) by enlarging 
one end of the tube as shown on the right-hand 
side of Fig. 26. The bubble rises to the top of 
the enlargement S, which is outside the direct 
path of the beam. The same purpose is 



4916 is only about half the intensity of the other 
lines and does not prove very satisfactory). 

Lowry ^ has suggested that, in addition to 
the sources and lines mentioned above, the 
following lines are useful for spectro-polari- 
metry : the lithium red 6708 and the cadmium 
lines 6438 (red) and 6086 (green). The lithium 
line is obtained as in the case of the sodium, a 
small oxy-hydrogen flame being used if great 
brightness is required, while the cadmium lines 
are given by a rotating arc. The electrodes are 
made of 28 per cent cadmium and 72 per cent 
silver,' and are rotated in opposite directions at 
a speed sufficiently high to prevent flickering. 
A more convenient cadmium source is the 
cadmium vapour lamp of Sand,® a modification 
of which has been suggested by Bates,® but 

1 Lowry, FML. Mag., 1909, xviii. 320. 

* Sand, Froc. Fhys. Soc., 1915-16, xxvlii. 94. 

“ Bates, Soi. Paper Bur. Sta., 1920, ITo. 371. 


effected in the tubes of Bellingham and Stanley 
(London) by blowing a small bubble or en- 
largement at the centre of a straight tube. 

The cement with which (3 is fastened to the 
tube often becomes loose in time, and the screw- 
ing of the end cap tends to draw the ring over 
the end of the tube, virtually lengthening the 
column of liquid and so introducing an error 
in the rotation per unit length. In order to 
avoid this Neumann* has designed the tube 
shown in Fig. 27. Both ends of the tube 
are ground conically. The ring T is ground 
to fit the cones of the tube exactly, and is 
placed in position by splitting the rings along 
SS. Another ring R is screwed up as shown 
and serves to keep the split ring tightly 
clamped to the cone of the tube. The ends 
A are then ground to the correct length and 
parallel, the end cap K and the cover glass 
MTeumann, Chem. Zaitung, 1913, No. 51. 





POLARIMETRY 


489 


D being the same as in the ordinary tube. 
The groat advantage of this type of tube is 
that it can be used with ether, alcohol, chloro- 
form, benzol, zylol, etc., which attack the 
cement in many of the ordinary tubes. The 
tube can bo made of fused silica or porcelain 
and used for high temperature work in an 
electric furnace, when the cement of the 
ordinary tube would melt. It is made by 
Schmidt & Haensch (Berlin). 

In very accurate work, it is necessary that 
the temperature of the substance should be 
uniform and that it should be accurately 
known, since rotatory power is a function 
of the temperature. The most convenient 
way of doing this is to surround the tube 
with another metal tube having small side 
tubes in it that can be connected to a thermo- 
stat. The better made water-jacketed tubes, 
as they are called, have baffles mounted be- 
tween the outer and inner tube, so that the 
flow of the water should be helical and envelop 
the inner tube. An opening in the middle of 


wheel in a circular box, any one of which can 
be brought in line with the optical axis of the 
polarimeter. The tubes are electrically heated 
and the temperature can be kept constant at 
37® C. by means of a rheostat. 

§ (18) Applications of Polarimetey. — 
The property of optical rotation is of prime 
importance in organic chemistry. The work 
of Pasteur (1848) showed that substances 
otherwise identical can exist in a right-rotating, 
left -rotating, and inactive form. Later he 
introduced the conception of molecular 
assymetry, which led van’t Hofi and Le Bel 
(both in 1874) to the discovery that optical 
activity always indicated assymetric dis- 
tribution of the carbon valencies in the 
molecule. The further developments of this 
theory are fully dealt with in text-books on 
stereochemistry. Wilhelmy in 1850 used the 
polarimeter to measure the rate of inversion 
of cane sugar, and employed the results 
as a basis for the first correct mathematical 
treatment of the velocity of a chemical reaction. 



FIG. 28. 


the inner tube (see Fig, 28) provides for the 
insertion of a sensitive thermometer, the rota- 
tion not being measured until the temperature 
has become steady. 

When rotations have to be determined for 
temperatures below the dewpoint of the 
atmosphere, the end plates must bo protected 
against the condensation of moisture. Wiley ^ 
employed a second cap made of some non- 
conducting material such as hard rubber ; 
the air-space in between the two cover glasses 
contain some desiccating substance. 

The jacketed tube is not very satisfactory 
for use at comparatively high temperatures 
owing to the fall of temperature along the tube 
due to conduction, etc. It is then preferable 
to have the tube in a thermostat mounted 
between the polariser and analyser. ^ 

The measurement of rotation in fermenting 
liquids (for biochemical work) has to bo 
carried out at 37® 0. Abderhalden,® in 
conjunction with Schmidt and Haensch, has 
evolved an ingenious arrangement whereby 
six small tubes are mounted on a horizontal 

^ Wiloy, Journ. Amer. Chem. Soc.^ 1896, xviU. 81. 

® Paul, Zeitschr. pht/8. Chem., 1916, xci. 746. 

“ Abderhalden, Bovp^-SeyWs ZeiU, filr phyeiolog. 
Chem,, 1913, Ixxxiv. 300. 


The polarimeter is extensively used in 
■analytical chemistry for quantitative deter- 
minations. In this connection, the term 
specific rotation, introduced by Biot, is 
employed. By this term is meant the angle of 
rotation caus^ by a length of 10 cm. of a 
solution containing 1 grm. of active substance 
per c.c. This will vary with the wave-length 
used and with the temperature, and is 

20 ® 

designated by the abbreviation , which 

indicates the specific rotation of a substance 
at 20® C. using the yellow (D) lines of sodium 
as a light source. 

It then follows that [a]D = a/Zxc, where a 
is the observed rotation and c the number of 
grammes of the substance per c.c. of solution, 
[a] varies not only with the wave-length and 
temperature, but also with the concentration, 
the relationship being somewhat complete ; for- 
tunately the variation is usually small, and 
need only be taken into consideration in accu- 
rate work such as the determination of sugars. 
Knowing the specific rotation, the polarimeter 
can be used for a large number of analytical 
determinations, such as the estimation of the 
alkaloids, camphors, and essential oils. Rosin 
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or castor oil may be detected in minoral oils 
by their optical activity. 

The use of the instrument is not necessarily 
confined to the determination of optically 
active substances ; a large number of inert 
substances exert a powerful influence on the 
rotatory power of active solutions. Thus 
acetone or boric acid can be determined in 
solutions of tartaric acid of known strength. 
The solvent used to dissolve an optically 
active substance has considerable influence on 
the rotatory power of the latter, and. this 
property will very likely be capable of many 
new analytical applications in the near future. 

The instrument forms a useful tool for the 
study of fermentation and other problems in 
biochemistry. 'vv. b. w. 

B. T. 

Polarisation, Planb of : the plane of 
incidence of a polarised ray upon a reflecting 
surface when the reflected ray is of maximum 
intensity. According to the electromagnetic 
theory of light, the plane of polarisation is 
at right angles to the direction of the 
electric force and parallel to the direction 
of the magnetic force in the wave front. See 
“ Polarised Light and its Applications,” 
§( 2 ). 

Polarisation of LiOBcr, Plane, Circular, 
AND Elliptical. See “ Polarised Light and 
its Applications.” 

Polarisation Photometers. See Photo- 
metry and Illumination,” § (30). 

Polarisation Spbotrophotombters : instru- 
ments in which the brightness match is 
obtained by the rotation of a polarisation 
device. See “ Spectrophotometry,” § (12). 

PoLARisoopB, Tourmaline. See “Polarised 
Light and its Applications,” § (9). 

POLARISED LIGHT AND ITS 
APPLICATIONS 

§ (1) Introduction. — Presnel’s original con- 
ception of the disturbance producing the sen- 
sation of light was, briefly, a train of waves 
propagated by vibrations of ether particles 
taking place in all directions perpendicular 
to the direction of propagation of tho disturb- 
ance. Later, he modified this conception to 
obviate tho moohanical objection to two 
adjacent particles moving in totally different 
directions, and he postulated a vibration at 
any given moment of all particles along 
parallel linos, but with so rapid a change in 
the common direction of motion that a period 
of vibration in any one direction cannot bo 
isolated in the analysis of a beam of ordinary 
light. Under special conditions, however, the 


vibrations may be restricted in such a way that 
any one particle continues to des(u’ibo tho 
same path, whether it ho linear, circular, or 
elliptical, and all the particles affected by tho 
disturbance describe exactly similar pairhs. 
It is this restriction of vibration that is known 
as tho polarisation of light. 

§ (2) Discovery of Fundamental Pheno- 
mena. — Two and a half centuri(‘H ago 
Erasmus BartoUnus discovorod the i^owor of 
a crystal of Iceland spar to resolve a beam of 
ordinary light into two separate rays ; twemty 
years later Huygens repeated his work, and 
found that two rays were imoduced unk'ss tho 
light was travelling parallel to the crystallo- 
grai^hic axis of tho crystal, and, moreover, 
that each ray could again bo subdivided by 
its passage through a second crystal unless 
tho latter was orientated in one of four 
definite directions relative to tho first crystal. 
In that case the two rays wore transmitted 
without further division. A fc^w years later 
Newton confirmed those observations, but 
still no explanation was forthcoming, although 
both these pioneers recognised tho fundamental 
property of polarised light, namely, its asym- 
metry about its diroction of propagation. 
“ Have not,” wrote Newton, “ tlm rays of 
light several sides endued with several original 
properties ? ” 

Early in tho ninotconth century Malus 
made tho chance discovery that light roflootod 
from glass possessed in part the charaotoristica 
of rays emerging from a ealcito (jrystal, and 
that those characteristics became most marked 
for a definite angle of refloettion. Experiment- 
ing later with light roflocjtod from other 
surfaces, ho found that this held good for all 
reflecting surfaces other than metals, hut 
that tho angle producing t.ho maximum it^sult 
varied with each individual substauee. En- 
deavouring to find an exf>lanation for those 
facts, ho rejected tho wav<» theory of light as 
offering no possible solution ; at that time 
Young’s longitudinal vibration theory ha<l 
not yet l)oon superseded by Erosiud’s mom 
far-roaohing transverse vibration theory, and 
obviously tho former could give au cvem less 
satisfactory explanation than could tho older 
corpuscular theory of Newton. Mains eon- 
oludod that tho phen(nnena must bo duo to 
some induced property of tho corpuHoles 
transmitting light rays, (‘.orn parable with a 
magnetic or electric (iharg<s and producing in 
the light a definite bias or “ polarity,” ami 
this gave birth to the title of “ polarisation,” 
which has survive<l the destruction of the theory 
to which it owes its origin. Tho group of 
workers responsible for leading th(» explanation 
along now theoretical lines included Young, 
Fresnel, Arago and Brewster, who suggestt^d 
and elaborated a theory of polarisation bam^d 
on a wave theory of liglit. Novortheloss, 
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although his efforts at explanation did not 
stand the test of time, Malus accumulated a 
mass of results from minute and accurate 
observation on the behaviour of polarised 
light which furnished conclusive evidence for 
the law which bears his name. 

The asymmetry of a ray polarised by reflec- 
tion becomes very evident when the ray 
suffers reflection from a second surface, and 
Malus found that the intensity of the final 
ray was dependent upon the plane of incidence 
at the second surface. He attributed to each 
ray a plane passing through its path which 
bore a definite relation to its asymmetric 
properties ; this he called the Plane of Polarisa- 
tion of the ray, and defined it as the plane of 
incidence of a polarised ray upon a surface 
when the reflected ray was of maximum 
intensity. The angle of reflection from a 
surface for which the polarisation of the light 
was most complete he termed the Angle of 
Polarisation, His Law of Polarisation could 
then be stated as follows : 

When a ray of light polarised by reflection at 
one surface falls upon a second surface at the 
angle of polarisation, tho intensity of the twice- 
reflected ray varies as tho square of tho cosine 
of the angle between the two planes of reflection. 

The foundations of the theory of polarisation 
which holds to the present time wore laid by Young 
and Fresnel in their oonooption of light transmission 
by transverse wave motion. Fresnel saw the im- 
mediate application of the conception to the oase of 
polarised light, and suggested tho restriction of tho 
vibrations to a dofinit<e unchanging path at right 
angles to the direction of propagation. Accepting 
his hypothesis, we shall for the moment consider 
only light whoso vibrations are linear and take place 
in one definite direction. To this has been given tho 
name of Plane Polarised Light. 

A crucial test of Fresnel’s theory lay in the in- 
vestigation of the behaviour of two plane polarised 
rays under conditions which might bo expected to 
produce intorforonoe. Fresnel and Arago earned 
out this work, and their results added evidence in 
favour of the wave motion h 3 rpothesi 8 , and led to the 
establishment of tho following five laws governing 
the interference of polarised rays, known as the 
Fresnel- Arago Laws: 

1. Two rays polarised in tho same plane interfere 

with each other under tho same conditions as 
for ordinary light. 

2. Two rays polarised at right angles to one another 

do not intoifore under these conditions. 

3. Two rays polarised at right angles, if obtained 

from unpolarised light, may subsequently bo 
brought into the same plane of polarisation 
without acquiring the power of interference. 

4. Two such rays derived from plane polarised 

light will, under the same conditions, show 
interference. 

6. In the latter case a phase difference of tt, 
equivalent to half a wave-length, must be 
added to the estimation of tho path difference. 

At about the same time Brewster deduced 


from experimental data another law govern- 
ing the size of tho angle of i)olariaation. 
Brewster^s Law may he expressed simply in 
tho statement that the tangent of the angle 
of polarisation is equal to the index of refrac- 
tion of the reflecting substance. From this 
it follows that at the polarising angle the sum 
of the angles of incidence and refraction is 
90°, or that the reflected ray is perpendicular 
to the refracted ray, and that when light 
travelling in a medium is polarised by reflec- 
tion from the bounding air-surface of the 
medium the refractive index is the cotangent 
of the polarising angle. Evidently, therefore, 
the polarising angle will vary with the wave- 
length of the light used, W ilii most substances 
the dispersion is too low to show tho effects of 
this law, but with substances of very high dis- 
persive power, such as nitroso-dimethyl-aniliue, 
the effect is visible in the distinct coloration 
of the image of a white source of light, and in 
the variation of the colour with the angle of 
inoidenoe. 

By the examination of light polarised by 
refraction through a crystal or by reflection at 
a glass surface various definite facts were 
deduced. The two rays emerging from a 
crystal of calcito wore found to be polarised 
with their planes of polarisation parallel and 
perpendicular respectively to the plane 
containing the incident ray and the crystal- 
lographic axis. Tho ray reflected from a 
polished non-metallio surface was polarised in 
tho plane of incidence and the refracted 
portion was partially polarised in a perpen- 
dicular plane. After a second refraction at the 
polarising angle tho percentage of polarised 
light in the refracted ray was iucroased, while 
again the reflected ray was wholly polarised 
in a perpendicular piano, and this process 
coidd be repeated at any number of surfaces 
until the final refracted beam contained no 
appreciable amount of unpolarisod light. 
These facts are capable of simple explanation 
on the wave theory of light propagation. 

§ (3) Explanation on 'Wave Theoey. — A 
transverse vibration in any direction may bo 
resolved into two component vibrations at 
right angles in tho same plane ; moreover, it 
can bo shown that an elliptical or circular 
vibration can bo resolved into two simultane- 
ous linear vibrations at right angles to each 
other differing in phase. It may be supposed 
that a crystal such as caloite has an inherent 
power of resolving light vibrations in this way ; 
a separation of the two rays would be effected 
if wo suppose that the one set of vibrations 
possesses a different rate of propagation 
through the crystal from that of the perpen- 
dicular set. This subject will be investigated 
more fully a little later in the general ^scus- 
sion of the behaviour of crystals in ''trans- 
mitting light. Turning now to the question 
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of polarisation by reflection, the wave theory 
supplies an equally simple explanation. When 
a beam of light meets a flat surface of a 
transparent medium, part of the light is 
reflected, but the greater part is transmitted. 
If in a ray of light incident on a surface at the 
polarising angle the vibrations are resolved 
into directions parallel and perpendicular to 
the plane of incidence, the polarised reflected 
ray can be regarded as derived from the 
reflection of part of the component whose 
vibrations are perpendicular to this plane. 
No part of the component in the plane 
appears in the reflected ray. The refracted 
light then consists of the remainder of the 
perpendicular component together with aU 
the light vibrating in the plane of in- 
cidence, -and the preponderance of vibrations 
in the latter direction causes the refracted 
beam to appear partially polarised m the 
corresponding sense. On a second reflection 
the degree of polarisation of the refracted ray 
is increased by a repetition of the same process, 
while the reflected light again consists of 
vibrations perpendicular to the plane of 
incidence, and reinforces the beam reflected 
at the flrst surface. Each additional surface 
augments this double process of reflection 
and refraction imtil the final refracted ray 
is deprived of all vibrations perpendicular to 
the plane of incidence, and consists wholly of 
vibrations taking place in this plane. 

§ (4) Relation between Plane of Polae- 

ISATION AND DIRECTION OF VlBRATION.-r^lo 
far no definite relationship has been established 
as existing between the plane of polarisation, as 
defined by Malus, and the plane in which the 
vibrations take place. Various investigators 
have assumed the alternate possibilities of the 
parallelism or perpendicularity of these planes. 
.Fresnel, to whom we owe so much of our 
knowledge in this branch of Optics, assumed 
as a basis for his mathematical mvestigations 
that the vibrations were perpendicular to 
the plane of .polarisation : M‘Cullagh, on. the 
other hand, deduced as a consequence of his 
theory that the vibrations were in Malus’s 
plan© of polarisation. At the present time the 
electromagnetic theory indicates the existence 
of vibratory motion in both planes; the 
electric force is perpendicular to the plane of 
polarisation, the magnetic force is in that 
plane, and both these are concerned in the 
transmission of the light. 

Stokes, working on the elastic solid theory, pro- 
duced his Dynamical Theory of Diffraction,^ wherein 
he arrived at a result which could be employed as 
a criterion of the actual vibration direction in plane 
polarised light. He showed theoretically that, 
if plane polarised light is diffracted, each diffracted 
ray is also plane polarised, and further, that if the 
plane of polarisation of the incident ray is inclined 

^ Mathematical and Physical Papers, 1901, ii. 


successively at regularly increasing angles to the 
plane of diffraction, the planes of polarisation of 
the corresponding diffracted rays are orow'ded 
together towards tho piano of diffraction or towards 
a perpendicular plane according as tho vibrations 
are parallel or perpendicular to the i)lano of polarisa- 
tion. Experiment with finely ruled gratings showed 
that the latter effect is produced, which indicates 
the correctness of Eresnel’s hypothesis. 

Another suggestive experiment was carried out 
by Tyndall. A ray of polarised light was passed 
longitudinally through a tube containing very fine 
particles in suspension. If tho vibrations of the beam 
were confined to one piano, say the vertical piano, 
the beam would possess no energy capable of pro- 
ducing horizontal vibrations. It has been shown 
that the intensity of piano polarised light scattered 
by fine particles is zero in the direction parallel to 
the vibrations of the light; consequently, there 
would in this case bo no scattered light visible in 
the vertical direction ; tl\o vertical vibrations would, 
however, render scattorod light visible in tho hori- 
zontal direction perpendicular to the axis of the tube. 
Using light polarised in tho horizontal piano, Tyndall 
found that scattered light was visible only in a hori- 
zontal direction, which may be taken as an indication 
that the vibrations in a plane jiolarisod ray are por- 
pendioulai to its plane of polarisation. 

§ (5) Double Refraction. — It will bo con- 
venient at this point to consider fcho general 
behaviour of crystals in transmitting light, as 
upon this we are dependent to a groat extent 
for the production, analysis, and technical 
applications of polarised light. 

A substance in tho crystalline state differs 
from an ordinary isotropic medium in that 
many of its properties may vary in different 
directions. All crystals can be referred to 
definite systems of crystallographic axes,® and 
are divided into classes according to tho 
relative length and inclination of tlioso axes. 
In its natural form tho shai)c of a c-rystal is 
governed by the character of the axes, which 
determine the size of tho angles ('.ontained 
by aU possible crystal faces, and just as 
the morphology of a crystal varies along 
the different axial directions, so there is a 
corresponding variation in other physical 
properties, mechanical, thermal, olc^otrical, 
magnetic, and optical. In shoi’t, a crystal is 
possessed of a definite molecular structure on 
which depend tho physical properties along 
any definite direction. In tho most regular 
system, the cubic, tho throe axes are all e<iual 
and perpendicular, and tho oi)tical pnqx^rtics 
are constant in all directions, but in other 
systems, as tho relation between tho (srystallo- 
graphic axes becomes more complex and less 
regular, corresponding variations appear in 
all physical properties. 

It has already been noted that the property 
of double refraction in Iceland spar was 
discovered as early as 1670, and later Huygens 
and others established definite facts connected 
• See Crystallography," § (4), etc. 
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with this phenomenon. A ray of light in 
passing through a oalcite crystal is in general 
divided into two perpendicularly polarised 
rays, only one of which obeys the laws of 
ordinary refraction. They are termed re- 
spectively the ordinary and extraordinary rays, 
and they travel along slightly different paths, 
the separation between them varying with 
their inclination to the crystallographic axes, 
and becoming zero when the light travels 
along a definite direction in the crystal known 
as the Optic Axis. All doubly refracting 
crystals may be classified as uniaxial or 
biaxial according to the presence in the 
crystal of one or of two directions along which 
there is no separation of a refracted ray. 
Since the case of uniaxial crystals is very 
much simpler, we shall deal tot with that 
alone ; moreover, this class is of the greater 
importance in optical work, as it includes the 
two crystalline media most commonly used, 
namely, quartz and calcite. 

§ (6) Uniaxial Crystals. — ^The separation 
of the rays produced by refraction indicates 
the existence of two values of the refractive 
index of the .crystal for rays polarised in two 
perpendicular planes. If the direction of 
the incident ray is varied it is found that the 
refractive index corresponding to the ordinaiy 
ray is constant for all directions through the 
crystal, while that for the extraordinary ray 
varies, reaching extreme values parallel to 
tbe optic axis, when the index is that of the 
ordinary ray, and perpendicular to the axis. 
It can be shown, too, that the ordinary ray 
is always polarised in the principal plane, 
that is to say, in the plane containing the 
refracted ray and the optic axis, so that its 
vibrations are always perpendicular to the 
optic axis, while the extraordinary ray is 
polarised in the plane at right angles to the 
principal plane. 

(i.) Huygens* Construction for Palh of 
Bays. — Although with his conception of the 
nature of light transmission Huygens could 
not explain the polarisation of doubly refracted 
rays, he was able to represent the formation 
and paths of the two rays by a graphic method,^ 
attacking the problem by a consideration of 
the wave-fronts of light disturbances travelling 
in a crystalline medium. Supposing a disturb- 
ance to emanate in all directions from an 
isolated point in the crystal, two separate 
wave-surfaces will be formed, that of the 
ordinary rays travelling at the same speed in 
all directions, and spreading out in the form 
of a sphere with ever-increasing radius. The 
rate of propagation of the extraordinary ray 
will vary along different directions, and 
consequently the wave-surface will no longer 
be spherical. Huygens assumed that it 
would take the form of a spheroid generated 
1 See “Light, Double Eefraction of.” 


by the revolution of an ellipse, the axis of 
revolution coinciding with the diameter of the 
spherical wave-surface that is parallel to the 
optic axis, li'his assumption satisfied the 
necessary condition that the refractive index 
for the extraordinary ray should have an 
extreme value in the direction of the optic 
axis, and a second extreme value in all direc- 
tions perpendicular to the axis. 

Huygens’ graphical method of determining 
the position of a refracted plane wave-surface 
by considering each point on the refracting 
surface as an origin of secondary disturbance is 
weU known. Suppose AB {Fig. 1) represents 
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a section of the plane wave-fronb impinging 
on the plane surface AC of a doubly refracting 
medium, both planes being perpendicular to 
that of the paper. The point A may be taken 
as an origin for the two disturbances propa- 
gated in the crystal, one of which will spread 
in a spherical form, and the other in a spheroidal 
form. Lot the plane ABC contain the optic 
axis, which lies in the direction AP ; then these 
wave-surfaces may be represented by the 
circle through P and 0 with its centre at A, 
and the ellipse through P and E with AP 
and AQ as its axes, where AP/BC and AQ/BC 
represent the extreme values of the refractive 
index, the former for both rays travelling 
along the optic axis, and the latter for the 
extraordinary ray travelling perpendicular 
to it. The refracted wave - fronts of the 
whole beam will consequently be represented 
by the tangent pianos * respectively to the 
ordinary and extraordinary wave - fronts. 
These will be perpendicular to the paper and 
cut it in lines CO and CE respectively. It is 
clear that in the case of the latter ray the 
sines of the angles of incidence and refraction 
bear no constant relation to each other, and, 
moreover, the wave-front CE is not perpen- 
dicular to the direction of the ray AE unless 
the latter is travelling parallel or perpendicular 
to the optic axis. 

If the optic axis is not co-planar with AB 
and AC, the plane through C and the iiiterseo- 
* See “ Light, Propagation of.” 
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tion of the incident wave and the refractory 
surface tangential to the spheroid described 
round A will not touch the spheroid in the 
plane of incidenoe ABC; in this case, therefore, 
the extraordinary ray does not obey either 
of the laws governing ordinary single refrac- 
tion. Various special cases can be examined 
by applying the necessary modification to the 


I' having two sheets; as shown in Fig. 2 the 
I section of the surface by each of the principal 
planes is a circle and an ellipse. 

Bletchbe’s iNDiCATEix.-^Another widely used 
representation of the optical properties of a crystal 
is Fletcher's Indicatrix. It is identical with the older 
“ Index-ellipsoid ” of M'Cullagh, the ellipsoid being 
i constructed on semi-axes proportional to the three 




graphical representation of the simple case 
considered here. 

Much work has been done by later investigators, 
proving that Huygens was justified in his assumption 
as to the shape of the wave-surface of the extra- 
ordinary ray. There are two possible cases to be 
considered: the refractive index for the extras 
ordinary ray perpendicular to the optic axis may be 
either less or greater than that for the ordinary ray. 
In the former case the wave-sur- 
faoes within the crystal will take 
the form of a spheroid enclosing 
a sphere, having a common diameter 
parallel to the optic axis ; colcite 
belongs to this class of crystals, 
which are said to possess negative 
hireJringeTice, or, more shortly, to be 
negative crystals. In the other case 
the spherical wave-surface encloses 
the spheroid, and the crystals are 
said to be positive. Quartz may be 
instanced as an example of a posi- 
tive crystal, although it will appear 
later that owing to its rotatory 
power the two wave-surfaces in a 
q.uartz crystal do not touch at any 
point, that is to say, the difioience in 
refractive index for the two rays reaches a minimum 
along the optio axis, but never disappears entirely. 

§ (7) Biaxial Crystals, (i.) Tfave Sur- 
face . — Huygens did not extend hij3 theory to 
explain the phenomena exhibited by biaxial 
crystals, and his construction is not applicable 
to this case. It is to Fresnel that we owe the 
earliest complete theory of double refraction, 
dealing with both biaxial and uniaxal crystals. 
Some account of this will be found in the 
article “ Light, Double Refraction of.” Hean- 
wbile, it is sufficient to say that the wave- 
surface is of a somewhat complicated form. 


refractive indices referred to before (article “ Light, 
Double Refraction of”). Space docs not permit of 
a full explanation of the properties of the Indicatrix, 
which may be found in the larger treatises on 
Crystallography, or in the original paper by its 
inventor; ^ it must suffice to state that in any section 
of the ellipsoid the axes arc proportional to the 
refractive indices of tho two polarised rays whose 
wave-fronts move along the normal to that section, 
and indicate tho vibration directions 
in the rays, while their difCercnoo in 
length gives a measure of tho double 
refraction along the normal to tho 
section. 

(ii.) Primary and Secondary 
Optic Axes . — ^Tho position of a 
plane wave for which there is 
only single refraction through 
the crystal will, as wo Have 
seen (article “ Light, Double 
Refraction of”), bo the plane 
tangential to tho two wave- 
surfaces. Taking a section in 
that plane through two axes of 
the ellipsoid in which two slieots 
of the wave-surface intersect in 
N (Fig. 3), MM' represents tho common tan- 
gent which touches the circular section in M 
and the elUptical section in M'. OM, the nor- 
mal to the tangent plane through M, represents 
the direction in which a single wave-front is 
propagated, and, therefore, is tho optic axis. 
ON, joining the centre to the point of inter- 
section of the circle and ellipse, and representing 
the direction in which a single ray is propa- 
gated, is sometimes described as the Secondary 
Optic Axis; or it is described more completely 
by the name Axis of Single Ray Velocity. 

, ^ Min. Mag., 1891, ix. 278. 
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(iii.) Conical Mefraction. — ^Now if tho com- 
plete wave-surfaces are considered and not 
merely the sections in the ZX plane, it can 
be proved mathematically that the common 
tangent plane through IVTM' touches the sur- 
faces in a circle and not merely in two points, 
as Fresnol originally assumed. 

If, then, a plane, wave is incident on the 
crystal parallel to the tangent plane MM', 
any line joining points on this circle of inter- 
section to the centre 0 will he possible direc- 
tions for rays entering the crystal. The 
direction will be determined by the plane of 
polarisation of the incident light ; if the latter 
is unpolarised, that is to say, if it contains 
vibrations in all possible * directions, the 
refracted rays will take the form of a hollow 
cone of rays, each element of the cone being 
polarised in a separate plane. This pheno- 
menon, known as internal conical refraction^ 
was predicted by Sir William Hamilton,^ 
and verified practically by Dr. Lloyd. ^ An 
analogous effect, known as external conical 
refraction, is produced by the refraction out 
of a crystal of a ray travelling along ON, or 
the axis of single ray velocity. The direction 
of the wave normal in the crystal will be nor- 
mal to the plane touching tho wave-surface 
at the point whore it is intersected by the ray 
inside the crystal. • Since the ray ON meets 
the wave-surfaces at the apex of a cone, there 
are an infinite number of tangential planes to 
the wave-surfaces at this point, and the nor- 
mals from N to these planes will form a hoUow 
cone. The ray ON when refracted out of the 
crystal will therefore form a hollow cone of 
light. The practical demonstration of both 
these phenomena, which are consequent on 
the theory of birefringence in crystals, helps to 
establish the correctness of that theory. 

(iv.) Relation between Morphological and 
Optical Properties. — It is essential from the 
point of view of practical work with actual 
crystals to have a clear idea of the relation 
between their morphology and their optical 
properties.® It has already been stated that 
crystals exhibiting the highest possible sym- 
metry, and therefore belonging to the cubic 
system, possess identical optical properties in 
all directions, and from an optical point of 
view behave in all respects as an isomorphous 
medium. Crystals of the tetragonal, hexa- 
gonal, and trigonal systems are uniaxial, 
their optic axis coinciding with the main 
crystaHographic axis. Crystals of other 
systems, the rhombic, monoclinic, and triclinic 
systems, are biaxial. In a rhombic crystal 
the axes of Fresnel’s or of Fletcher’s ellipsoid 
coincide with the crystallographic axes in 
direction, although not necessarily in length. 

' Trans. Roy. Irish Acad., 1833, xvii. 

» PhU. Mag., 1833, ii. 112 and 207. 

» See “ Crystallography,*’ §§ (7) and (21). 


A monoclinic crystal possesses one crystal- 
lographic axis perpendicular to the plane 
containing the other two, which may be 
inclined to each other at any angle, and this 
axis, about which the crystal is symmetrical, 
coincides with one axis of the ellipsoid. The 
other two axes of the ellipsoid lie in the 
perpendicular plane of symmetry, but neither 
of necessity coincides with a crystallographic 
axis, and their position may show changes 
with a change of temperature or wave-length. 
In a triclinic crystal, which possesses no 
symmetry about any crystallographic axis, 
there is no definite relationship between the 
positions of the morphological and optical 
axes. 

Dispersion op Axes and Bisectrices. — In 
dealing with the position of the optic axes and the 
bisectrices of the optic axial angle it was assumed 
that tho wave-length of light remained constant. If 
white light is used in the examination of a crystal 
there may bo different directions in the crystal 
for different wave-lengths along which there is no 
double refraction, and this will cause a dispersion of 
the optic axes. Dispersion of the hisecirices also may 
take plaee, the effects varying in different classes of 
crystals, In all cases in which an optic axis or a 
bisectrix coincides with a crystallographic axis there 
can bo no dispersion ; hence in uniaxial crystals 
the position of the axis is independent of wave-length. 
In rhombic crystals tho bisectrices coincide with 
orystaUographio axes, so that dispersion is limited 
to the optic axes. In some crystals it is almost too 
small for measurement, but in extreme cases the 
optic axial angle for red light is large, decreasing with 
decrease of wave-length until the crystal becomes 
uniaxial for light of a deffnito wave-length ; for still 
shorter wave-lengths tho optic axial angle opens 
out again but in tho porpondioifiar direction. This 
phenomonon is known as crossed axial dispersion. 

In monoclinic crystals dispersion of tho bisectrices 
may also occur, since of tho ellipsoidal axes only one 
coincides with a orystaUographio axis. The effect 
produced varies according ns this orystaUographio 
axis coincides with tho acute bisectrix or the obtuse 
bisectrix, or is perpendicular to the optic axial plane. 
Dispersion of tho optic axis may also appear simultane- 
ously and in certain cases may bo unequal for the 
two axes. For fuller information on this subject 
the reader is referred to the standard text-books on 
Crystallography and Potrograpbio Methods by 
Tutton, Miors, Johaimsen, Rosenbusoh, ‘Weiasohenk 
and Clark, and other writers. 

§ (8) Methods of Peodtjotion of Polarised 
Light. — The various methods of producing a 
ray of plane polarised light from an ordinary 
unpolarised beam all depend fundamentally 
upon the resolution of tho light into two 
components with vibrations in perpendioular 
directions, combined with the isolation of one 
component. 

(L) By Reflection, — ^We have seen that this 
can he effected very simply by repeated 
refractions of a ray incident at the polarising 
angle. A pile of thin glass plates may he 
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used for the purpose ; while an increase in 
their number tends to increase the degree 
of polarisation of the transmitted light, it 
decreases the intensity simultaneously, and 
to minimise this disadvantage the plates used 
should be as thin as possible consistent with 
a fair degree of rigidity. Seven or eight 
plates of the thickness used for cover-glasses 
are sufficient to produce satisfactorily complete 
polarisation of both the reflected and the 
refracted light, while not reducing too greatly 
the intensity of the latter. 

It is fre(iuently desired to study the 
behaviour of various substances in polarised 
light, and generally, as well as a means of 
polarising the incident light, we require a 
means of analysing the final transmitted or 
reflected rays. The same instrument is 
usually capable of fulfilling both purposes, 
for if it transmits light vibrating in one 
direction only, thereby acting as a polariser, 
it can also be used as an indicator of the 
vibration direction of a polarised beam, and 
fulfils the function of an analyser. For some 
purposes the vibration direction of the 
analyser is arranged parallel to that of the 
polariser, but more usually their vibration 
directions are- perpendicular ; in the latter 
case the polariser and analyser arc said to be 
“ crossed.” 

(ii.) By Refraction . — For some purposes for 
which a small readily handled contrivance 
is preferable to a more perfect instrument 
requiring careful manipulation, a plate out 
from a large tourmaline crystal parallel to 
the long hexagonal axis is found of use. 
Tourmaline is strongly birefringent, and also 
possesses a different coefficient of absorption 
for the two rays, with the result that the 
ordinary ray is completely absorbed, while the 
extraordinary ray is transmitted. Selective 
absorption lends the transmitted light a deep 
green colour, however, which greatly reduces 
its intensity and renders this method of pro- 
duction unsuitable for many purposes. 

§ (9) Tourmaline Polarisoope.— A simple 
polarisoope can be constructed of two tour- 
maline plates mounted one above the other, 
and hold in a pair of wire tongs in such a way 
that either plate can be rotated relatively to 
the other. The contrivance is well adapted 
for a rough examination of the behaviour in 
polarised light of a crystal specimen placed 
between the two plates. The lower plate 
acts as a polariser of light passing upwards 
through it, while the upper plate is used to 
analyse the light emerging from the specimen. 
If the plates are so orientated that the vibra- 
tion direction of the extraordinary ray in the 
upper is at right angles to that for the lower 
plate, no light can pass through both plates, 
unless the presence of a crystal slice between 
them causes a rotation of the vibration 


direction of light transmitted by the lower 
plate. Any such effect can be examined by a 
rotation of the upper tourmaline. 

§ (10) Nigol Prism, — The heavy loss of in- 
tensity due to the strong selective absorption 
of tourmaline is obviated if oalcite is used, 
and this is employed in the construction of 
the Nicol Prism, which is the most generally 
used instrument for the production and 
examination of polarised light. With a rhomb 
of calcite special means have to be adopted 
to eliminate one of the two polarised rays. 
Early in the nineteenth century William 
Nicol ^ devised a means of attaining this 
result by slicing a rhomb of calcite diagonally 
and symmetrically through its blunt corners, 
polishing the cut surfaces and cementing them 
together with a thin layer of Canada balsam. 
The success of the device depends upon the 
fact that the refractive index for Canada 
balsam lies between that for the ordinary 
ray in oalcite and the maximum refractive 
index for the extraordinary ray. Thus the 
dimensions of the prism must be so designed 
that the ordinary ray falls on the balsam film 
at an angle greater than the critical angle, 
and is totally reflected, while the extraordinary 
ray is transmitted. The ratio of the long 
edge of the crystal to the short end -face 
should be between 1 : 3-0 and 1 ; 3*7 ; the sides 
of the prism arc blackened to absorb the 
reflected light and the end-faces are polished* 
This represents the Nicol prism in its simplest 
form ; modifications will be treated of later. 

On looking through a Nicol prism and 
varying the angle of obliquity the observer 
sees that the polarised field is limited on one 
side by a blue haze which gradually obscures 
the light, and on the other by a narrow band 
of interference fringes beyond which the inten- 
sity is increased but all images are doubled. ** 
A consideration of the actual passage of rays 
through the Nicol will show that those limits 
mark on the one hand the beginning of the 
region of total roflootion of both rays, and on 
the other the end of tho region of total reflec- 
tion of the ordinary ray, tho fringes being 
produced by the interference of the two rays 
within the balsam film ; in the region beyond 
the fringes the increase in their path separation 
causes the formation of double images. 

Pig. 4 represents a section of tho prism 
perpendicular to the cut section. In the 
natural crystal the three faces bounding the 
obtuse solid angle A (Fig. 5) make equal angles 
with one another and with the crystallographic 
axis, which coincides with the optic axis AO, 
This latter lies in the plane ABCD, and makes 
an angle of about 46° with the end-face AD, 
the whole angle DAB being about 109°. The 

' Bdinhurgh Nm PhU. Joum., 1833, vi. 182, and 
1839, xxvii. 832. 

• Thompson, Phys. Soc. Proc,, 1877, ii. 186. 
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plane of section AC is inclined at very nearly 
90® to the end-face AD. If the transparent 
film is of Canada balsam, the critical angle 



Fig. 4. 

for the ordinary ray passing from calcite to 
balsam is 67® 63'; this limits the polarised 
field to an angle of 3° from the Icwigitudinal 
axis in the direction of AB. Now although 
the maximum refractive index for the extra- 
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ordinary ray is greater than that of the 
balsam, as the angle of incidence with AO 
increases, the ray is travelling more nearly, 
parallel to the optic axis, and its index’ 
decreases to a smaller value than that of the 
balsam, so that at a certain angle of incidence 
tlxe extraordinary ray strikes the balsam at 
the critical angle. The value of this angle 
will vary with the wave-length, for the 
refraction at the end-face AD will cause the 
red rays to faU on the balsam film at a more 
oblique angle than the violet rays; hence 
the red rays are the first to suffer total reflec- 
tion, and a blue fringe shows the limit to the 
useful field on the side nearest DC. The fringe 
appears at an angle of obliquity of about 11® 
mside the prism ; the useful field within the 
prism is therefore limited to 14®, which 
corresponds to an external angular field of 
about 24 in air. The middle line of the 
u longitudinal axis at 

about 10 , and this gave rise to the custom 
often used of grinding tho end-faces to make 
an angle of 68® with the sides before sectioning 

Ahrens has 

adopted the practice in late years of trimming 
the end-faces by about 3® in tho other diroc- 
tion, and then cutting the section plane 
perpendicular to them; this has the effect 
of morpasing the field of view at the cost of 
making it less symmetrical with regard to 
the long aps of the prism. Square-ended 
prisms are also cut, and this not only decreases 
the percentage of fight lost by reflection at the 
ond-surfaces, but obviates any displacement 

VOL. IV 


of the image as the prism is rotated about its 
axis. 

Since the extraordinary ray is polarised in 
a plane perpendicular to the principal plane, 
that is, perpendicular to the plane ADCB, 
Its Vibrations will take place in this plane. 
The trace of the vibration direction of trans- 
mitted light on the end-face of the prism will 
therefore be along AD, the shorter diagonal 
of the rhombic face. 

§ (11) Other Pola-rising Prisms.— -Various 
devices have been adopted to give improve- 
ments in the directions of widening the field of 
view, lessening the percentage of light lost by 
reflection, increasing tho working aperture re- 
lative to the length of the crystal, and of giving 
uniform polarisation over the whole field. 
To these ends modifications have been made 
in the inclinations of tho section plane and 
end-faces to the long sides, and in the substance 
used for tho transparent film. A full account 
of^ the detailed construction of the Nicol 
prism, together with a description of other 
co^ate forms of polarising prisms, is given 
by Silvanus P. Thompson.^ The chief modifica- 
tions are duo to : 

Hartmoh,^ who widened the field of view 
by outtmg the section perpendicular to tho 
optic axis, at a groat cost of material. 

Foucault,^ who dispensed with the difficulties 
attached to cementing the interface by using 
an air-film. This gave a very narrow field 
of view and introduced tho disadvantage of 
multiple reflections caused by the air-film. 

Qlauy^ who designed a square-ended Foucault 
prism with the piano of section containing the 
optic axis. 

who reversed the construction of 
the Nicol, and used tho ordinary ray trans- 
mitted by a thin plate of spar placed between 
rectangular prisms of carbon bisulphide con- 
tained in a metal tube with glass ends. This 
was further modified by Zonkor,® who used 
prisms of donse flint, and by Foussner.'^ 

Lem,8 who proposed tho substitution, for 
economical reasons, of a prism of glass of 
similar index for the second half of a Niool 
prism. 

Thompson (loc, cit.) also doscribefl many 
different forms of prism devised by himself, 
with references to several other investigators, 
including Dove,® Glazebrook,i®andBortrand,ii 
who have sought to find tho ideal mean 

I Omptes nendtia, 1867, xlv. 288 

! ^ompte/jRendus, 1869, xMii, 221. 

• ^eU8. In^rumentenk., 1885, iv. 136. 

•£e^8. Instrum&fdm 1884, iv. 49. 

* JBer. Akad., 1897, p. 901. 

10-^7???/ 18 and 466. 

Soc, Proc, v. 204. 

2 E 



^ 498 


POLARISED LIGHT AND ITS APPLICATIONS 


between a prism of greatest utility and one 
involving small waste of material, an almost 
eq^ually important consideration owing to the 
small supply of large flawless crystals of 
Iceland spar. 

Ahrens ^ devised a triple prism (Fig. 6), 
consisting of two calcite prisms cut with their 
refracting edges parallel to the optic axis, 
cemented on either side of a calcite prism cut 
with its edge perpendicular to the axis. A 



Fig. 6. 


rectangular prism of flint glass cemented to 
the third prism serves to deflect the unused 
ray 60° from the normal This prism has a 
comparatively large angular field. A later 
form consisted of a triple prism cut from a 
rectangular block of spar (Fig. 7), the three 
wedges being cemented together with balsam. 
The ordinary ray is deflected partly to the 
right and partly to the left, and the extra- 
ordinary ray passes through normally, per- 
pendicular to the optic axis. The prism 
possesses a large aperture relative to its length. 



Fig. 7. 



Other polarising prisms have been designed 
by several authors. 

Abbe's 2 design consisted of two 30° crown 
glass prisms cemented with a substance of 
the same refractive index to the sides of a 
60° prism of calcite cut with its refracting 
edge parallel to the optic axis. The refractive 
index for the glass must be that for the 
extraordinary ray in calcite, so that this ray 


1 Joum. Roy. Micros. Soc., 1884 (2), iv. 533. 
and 1886, vi. 470; PhU. Mag., 1884 (5), xix. 69. 
and 1886, xxi. 476. 

* See Grosso, DU gcMuchUchen PolarisaJtiom- 
^nsmen, 1887. 


passes undeflected through the block, while 
the ordinary ray is deviated. The prism has 
a field of view of about 23°. 

Stolze ® designed a polarising prism con- 
structed entirely of glass. A ray entering 
normally is twice internally reflected, first at a 
silvered surface, the polarisation taking place 
at the second surface by total reflection at 
the polarising angle, after which the ray 
emerges normally from the end-face. The 
lateral displacement of the emergent ray and 
its incomplete polarisation, duo to almost 
unavoidable strains present in the glass, 
detract from the utility of this prism. 

Schulz's^ design obviates both these dis- 
advantages, but the prism is not so simply 
constructed (Fig. 8). The surfaces AE and 
BD are silvered, and a ray entering AB 
normally leaves EF normally and is reflected 
at the polarising angle from OE, the emergent 
beam being in line with the incident beam; 



the polarisation is unaffected by strain in the 
glass since it ta-kes place outside the prism. 
Ten per cent of the incident light is transmitted 
as compared with 25 per cent to 40 per cent 
by the Nicol prism, but since no calcite is 
used there is not the same objection to using 
a larger prism if a greater amount of light is 
req^uired.® 

. § (12) Dotjblb - IMAGE PiiiHMS. — Various 
prisms have also been designed to produce two 
widely separate images of a single object. 
Wollaston's Prism consists of two rectangular 
prisms of calcite ABC and DAC (Fig. 9) 
cemented together to form a rectangular 
block. The prism ABO is so out that the 
optic axis of the crystal is parallel to the 
surface AB at which the light enters, while 
in the other prism the axis is still parallel to 
the surfaces AB and Cl) but turned through 
00°. A ray of light entering AB normally 

* Atelier der Photographen, 1805, p. 140. 

* Zeits. Instrxmentenk,, 1911. xxxi. 180. 

* A device used before the invention of the Nicol 
prism was the truncation of the blunt corners of a 
calcite rhomb, each cut limiting the field of view 
laterally so as to prevent the clear passairo of the 
ordinary ray through the prism. A somewhat 
similar device has recently been rointroducod for 
use in polarimotry and other purposes whore a wide 
field pf view is not essential ; tlic prisms give good 
polarisation and are free from the disadvantages 
attached to a cemented prism. 
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will travel perpendicularly to the axis and 
will be divided into two coincident polarised 
rays vibrating parallel and perpendicular to 



the plane of the paper. On crossing the plane 
of section the ordinary ray of the first prism 
becomes the extraordinary ray of the second, 
and vice versa \ the refractive index therefore 
increases for one ray and decreases by the 
same amount for the other ray, so that both 
are deflected in opposite directions from the 
normal to AB. The divergence of the rays is 
further increased on their refraction at the 
surface CD, and they form two widely 
separated images polarised in perpendicular 
planes. On rotating the prism about the 
normal to AB the two images rotate simul- 
taneously, each retaining the same position 
relative to the prism. If the prism is tilted 
so that the rays are incident obliquely the 
images are seen to separate or approach 
according to the direction of tilt, always 
supposing the tilt to be in the plane containing 
the two images. A modification is sometimes 
made by using one oalcite prism and one glass 
prism. In this case the change of refractive 
index for each ray at the interface is less, 
though still in opposite directions, so that 
such a prism, although cheaper in construc- 
tion, does not give as great total deviation. 



B C 

Pig. 10. 


BoehorCs Priam {Fig. 10) is similar in 
general design, except that the optic axis in 
the first prism is perpendicular to the entrance 


face. No separation of normal light occurs 
in the first prism, therefore, and on passing 
into the second half the ordinary ray travels 
on unchanged in direction while the extra- 
ordinary ray is deviated further from the 
normal to the plane of section. On emergence, 
therefore, the rays form two images of which 
only one is deflected from the normal, and on 
rotating the prism only the latter image rotates 
while the ordinary image remains stationary. 

§ (13) Geneeal Equations eeprbsenting 
Vibrations or Polabisbu Light. — So far wo 
have dealt only with polarised light in which 
the vibrations are restricted to rectilinear 
motion, and it was merely noted in passing that 
light may also be polarised in such a fashion 
that the particles describe circular or elliptical 
orbits. The relation of such vibrations to 
those of plane polarised light is best shown 
by an examination of the mathematical 
equations representing them. 

The simple equation representing the displaoemcnt 
at any moment of a particle moving in simple har- 
monic motion in a straight line is 
t 

y^a sin 27r— , 


whore a is the amplitude, T the period of the vibra- 
tion, and t the time that has elapsed since the particle 
was in its zero posi- 
tion. Wo may 
equally well look 
upon 2 / as a periodic 
oloctrioal force. 

Now suppose this 
equation to repre- 
sent the vibration 
of a plane polarised 
ray striking a doubly 
refracting plate. 

Let OX, OY {Fig. 

11 ) represent the 
directions of vibra- 
tion in the plate, 
and lot OK, the 
diwiotion of vibration of the incident ray, make 
an angle i with the direction OY. On entering the 
plate the vibration OK is dooomposod into com- 
ponents along OX and OY, represented by 

§ « a Pin 2t sin t, 77 ** a sin Ztt cos t. 



Those two vibrations in general travel through the 
crystal plate with difiorent velocities, so that if 0 
and E represent the distanoos travelled in air in the 
times taken hy the ordinary and extraordinary waves 
rospootivoly to traverse the plate, the displacements 
will bo 


^ —a sin i sin Ztt 
Tjmia 008 »sin Ztt 
^uooBi sin Ztt 


a-?) 

(f-i) 



• ( 1 ) 


where X is the wave-length of the light in air. 
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The two waves emerge parallel and the light re- 
fracted from the plate will be resultant of two super- 
posed vibrations of the same period and amplitude 
but differing in phase by an amount (0— E)/X, which 
varies with the thickness of the plate. 

Combining equations (1) by the elimination of t 
we shall obtain an expression for the resultant 
vibration. 

Let 27r 0 and 27r 

Then equations (1) may be written 
i 

— : — i—sin 6, 

asm « 


— sin 6 cos 0=008 6 sin 0. 

^cos % 

Squaring both sides of the second equation and 
substituting for sin® 9 and cos® 0 from the first, 
we obtain 


2 ^ - 2 " . + a ^. g - . oos® 0-2- 
a® cos® i a® sin* » a 


\ a* am* t/ 


TT. 2^7}00B<P 

xXOD^OS g • 0 ft ft ft • • ,^S1I1 (p^ 

a* sm* t a* cos* t a* sm ♦ cos i 


or 

0 — E 

cos® i+rf^ sin® t— 2^17 sin i cos i cos 27r--:r — 

A 

=a® sin® i cos® » sin® 27r— (2) 
A 

This indioates that the general form of the 
resultant vibration is an ellipse one of whose 
axes is inclined to the vibration direction in 
the plate at an angle i. 

Special cases may be considered. 

(i.) Plane .Polarised, Light, — If the differ- 
ence in optical path 0-E=?^X/2, so that 
27r(0 - E)/X=n7r, equation (2) reduces to 

cos® i-i-t;® sin® sin i cos t=0, 
or ^ cos i= ±77 sia i. . . . (3) 

Hence if the plate is of such a thickness 
that the phase difference on emergence is 
equal to any whole number of half wave- 
lengths, the resultant vibrations are plane 
polarised. If n is even, H-tan % and the 
vibrations are parallel to those of the incident 
light. If 71 is odd, ^/77=-tani, and the 
vibrations are , in a direction equally inclined 
to the y axis but on the side of it remote 
from the incident vibration direction. 

Moreover, this is the only condition which 
reduces equation (2) to the rectilinear form. 

(iL) Circularly Polarised Light — If, however, 
0 ~E=(27i-f l)X/4, and i=45®, we have 

sin z=:cos i=ll ^/2, 

2 t (0 - E)/X=s (271 + l)7r/2. 


Equation (2) then becomes 

^®.fry®=a2/2, ... (4) 

representing uniform motion in a circle of 
radius equal to the amplitude of the original 
vibration. When, therefore, the phase dif- 
ference between the two rays is equal to an 
odd number of quarter wave-lengths, and 
when the plane of polarisation of the incident 
ray is equally inclined to those of the rays 
traversing the crystal plate, the emergent ray 
will be circularly polarised. A crystal plate 
which fulfils this condition of phase difference 
between its emergent vibrations is known as 
a quarter-wave opiate (X/4 plate), and provides a 
ready method of producing circularly polarised 
light. 

(iii.) LUiptically Polarised Light — If 
0 -E = (27i.-|- l)X/4, but i is not equal to 46®, 
equation (2) becomes 


JL 

sin® i cos® i 


=0®. 


. (5) 


That is to say, if a quarter-wave plate is so 
orientated that its vibration directions OX 
and OY are not equally inclined to the 
vibration direction, OK, of the incident light, 
the emergent ray is eUiptically polarised, the 
axes of the ellipse being parallel to OX and 
OY. It is obvious that in the limiting cases 
when i=0® or 90®, the ellipse becomes a 
straight line parallel to OY or OX, that is to 
say, the crystal transmits one ray only. 

§ (14) Circularly Polarised Light, (i.) 
Production hy Refraction. — Grcularly polarised 
light can be produced, as mentioned above, 
by the use of a quarter-wave plate. Such 
a plate is most easily prepared by split- 
ting mica along its cleavage planes into very 
thin sheets ; by trial a sheet can then be 
chosen such that it produces between the 
transmitted rays a phase difference of X/4 for 
any fixed value of X. For use with sodium 
light the thickness of a quarter-wave plate of 
mica is 0*032 mm. It is useful not only to 
know the vibration directions in the plate, 
but also to be able to distinguish between the 
directions of slower and faster transmissions. 

The vibration directions are easily found by 
holding the plate between crossed Nicole. 
When it is in such a position that the field 
remains dark its vibration directions must 
be paraUol to those of the Nicol prisms. ' A 
method of distinguishing definitely between 
the directions of the fast and slow trans- 
missions is given by R. W. Wood.^ If the 
mirrors of a Micholson interferometer are 
adjusted to give a system of fringes in white 
light plane polarised in a horizontal plane, 
the introduction into the path of one ray of a 
quarter-wave plate with its vibration directions 


and 


» Physical Optics, 1914, p. 329. 
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horizontal and vertical will produce a retarda- 
tion in that ray relative to the other, and a 
shift of the fringes will ensue. Now if the 
plate is turned through 90°, there will he a 
further shift in the fringes. If it is in the 
same direction as before, it is clear that a 
further retardation of that ray has taken 
place ; that is to say, the direction which 
was at first horizontal is the direction of 
vibration of the faster moving component. 

(ii.) ProduoLion by Reflection. — 'We have seen 
that when a plane polarised ray strikes the 
dividing surface between two media at the 
polarising angle the reflected ray and the 
refracted ray are polarised in perpendicular 
planes. Now if the conditions be those 
required for total reflection, both rays will be 
reflected, along the same path, but there will 
be a phase difference of X/8 between their 
vibrations. Two total reflections of the rays 
will therefore produce the phase difference of 
X/4 necessary for the production of circularly 
polarised light, and the only other necessary 
condition is that the original plane of polarisa- 
tion should bo at 46° to the plane of incidence. 
Fresnel constructed a glass rhomb through 
which a piano polarised ray could pass (Fig. 
12), suffering two total internal reflections 



at the polarising angle of 64°, and thus attain- 
ing a phase difference of X/4 between the two 
emerging components. Since the polarising 
angle for a glass-air surface varies very little 
with change of wave-length, the phase difference 
of the emergent rays is nearly independent of 
the colour of the light, and in this respect 
this method of production of circularly 
polarised light is preferable to the use of a 
quarter-wave plate. 

(iii.) Methods of Detection . — It is obvious 
that circularly polarised light differs from both 
plane and elliptioally polarised light by 
possessing no unique pair of perpendicular 
planes about which the path of a vibrating 
particle is symmetrical, Consequently when 
examined by an analysing prism a circularly 
polarised beam shows no change on rotation 


of the prism. In this respect it resembles 
unpolarised light, but can be distinguished 
from the latter by its behaviour in conjunction 
with a quarter-wave plate, for if the plate be 
so orientated that it neutralises the phase 
difference existing between the two components 
of the circularly polarised light the emergent 
light will be converted to plane polarised light, 
which can then be extinguished by a suitable 
orientation of the analysing prism. 

It is of use in some connections to determine 
the direction of rotation of circular vibrations, 
which, if produced by a crystal plate, will vary 
according to the character of the crystal and 
the plane of polarisation of the incident light. 
This will be clear on roferonce to Fig, 11. 
Suppose OP represents the vibration direc- 
tion of the incident light. The force moving 
a particle from 0 towards P will be resolved 
in the plate into two perpendicular forces 
tending to move the particle from 0 towards 
X and Y, where OX and OY are the vibration 
directions of the ordinary and extraordinary 
rays respectively. In a positive crystal the 
ordinary ray travels the faster, so that the 
vibration along OX, say, is executed more 
quickly than that along OY. After a certain 
interval of time there is a phase difference 
between the rays of X/4, that is to say, while 
the particle is about to move from X towards 
0 there is an equal force propelling it in a 
perpendicular direction upwards. Hence it 
will move by a circular path in a counter- 
clockwise direction from X to Y. If at this 
moment the rays emerge from the plate there 
will be no further change in the phase differ- 
ence, and the vibration will continue to be 
circular and counter-clockwise. In a negative 
crystal it is obvious that under the same 
conditions the path of a vibrating particle 
would bo clockwise. These deductions, to- 
gether with a coiisidoration of the case when 
the vibration direction of the incident ray is 
perpendicular to OP, leads to the rule that 
if the vibration direction of the incident light 
is turned in a clockwise direction through 
46° from the direction of fastest vibration in 
the crystal plate, the circular path of the 
emerging vibrations will bo described in a 
clockwise direction also. 

The direction of vibration can be found ex- 
perimentally by means of a quarter-wave plate 
for which the direction of the faster vibration 
is known. By a suitable orientation of the 
plate the phase difference of the light under 
examination can bo neutralised or doubled, 
with the production of light piano polarised 
parallel or perpendicular to the incident 
light, and the directions of fast and slow 
vibrations in the unknown plate can be 
deduced. An application of the construction 
given above then determines the rotational 
direction. 
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§ (15) Elliptioally Polarised Light, (i.) 
Production, — From what has already been said, 
it is evident that the conditions under which 
circularly polarised light is produced are 
special cases of the conditions necessary to 
produce elliptically polarised light. The pro- 
duction of the latter, therefore, generally 
requires the fulfilment of one condition less 
than the number necessary for the production 
of circular polarisation. For example, dealing 
first with methods of production by refraction, 
if a quarter-wave plate is used, elliptically 
polarised light is produced if the plane of polar- 
isation makes any angle with the vibrations in 
the plate between 0° and 90® ; at an angle of 
45° the elliptical vibration becomes circular. 
The condition regulating the thickness of the 
plate for the production of circular polarisa- 
tion may be relaxed for elliptical polarisation, 
which result from the passage of plane 
polarised light through a thin plate producing 
any phase difference that is not a multiple 
of X/4, but in this case the axes of the ellipse 
will be inclined to the original direction of 
vibration. 

For production by a reflection method, it 
is obvious that the necessary conditions are 
fulfilled by a single internal total reflection 
in a glass prism of plane polarised ray at the 
polarising angle, for this produces a phase 
difierence of X/8 between two coincident per- 
pendicularly polarised rays. When the plane 
of polarisation of the incident light is inclined 
to the plane of incidence at an angle of 46® 
the light, reflected from any medium is to 
some extent elliptically polarised. With trans- 
parent media the eccentricity of the ellipse 
is so great that the vibrations are very nearly 
linear, but if the reflection takes place from a 
metallio surface the ellipticity of the polarisa- 
tion is pronounced, and when the incident 
light is polarised at an angle of 45® with the 
angle of incidence the polarisation of the 
reflected light is nearly circular. 

Drudo 1 explains this production of elliptical 
polarisation by postulating a gradual, in place of an 
abrupt, change of refractive index at the surface of 
the medium. Further work by Lummer and Sorge * 
on solid media and by Lord Rayleigh® on liquid 
surfaces shows that a higher surface refractive index, 
duo in the former cose to the action of polishing 
materials and in tho latter to the proscnce of a thin 
film of greaso, tends to produce elliptical polarisa- 
tion of reflection, but tho two former authors have 
also shown that in some cases tho phenomenon is 
probably duo to tho presonoo of surface strains in the 
medium, and is affected by subjecting the medium 
to pressT^ro. 

(ii) Methods of Detection and Analysis . — 
When examined with an analysing prism ellip- 

^ LeJirhuch der OptiJct 1900, p. 266, Engl, trans., 
1920, p. 287. 

“ Ann. d. Physik, 1010, xxi. 325. 

• PhU. Mag,, 1908, xvi. 444; Scientific Papers, 
ill. 490. 


tically polarised light shows a waxing and wan- 
ing of intensity on rotation of tho prism, the 
maximum and minimum points occurring when 
the vibration direction of tho Nicol is parallel 
to the longer and shorter axes of the ellipse 
respectively, but no orientation of the analyser 
wholly extinguishes tho light. In this respect 
elliptically polarised light behaves like . a 
mixture of plane polarised and unpolarised 
light, but it can be distinguished from the 
latter, as in the similar case of circularly 
polarised light, by its reduction to plane 
polarised light by means of a quarter-wave 
plate suitably orientated. The direction of 
the axes of ellipse can be deduced at the same 
time, for they must of necessity bo parallel to 
the principal planes of the quarter- wave plate 
when it is in position to render tho emergent 
light plane polarised. The ratio of tho axes 
can bo calculated by dotonnining, by moans of 
a Nicol prism, tho angle between tho vibration 
direction of the emergent plane polarised light 
and the directions of tho axes of tho ellipse. 

(iii.) BahmeVs Comjicnsator . — A more accu- 
rate method of determining tho constants of an 
elliptical vibration is by tho 
use of Babinefs Goynpensator. 

This consists of two rectangu- 
lar prisms of quartz {Pig. 13) 
placed with their hypotenuses 
in contact so that together 
they form a plane parallel 
plate, the thiclmess of which 
can be varied by sliding the 
prisms along their interfac^e. 

The optic axes are parallel 
and perpendicular to tlio plane 
of tho paper in tho two 
halves as roprosontod by tho Fio. 13. 
shading of each prism. Plane 
polarised monochromatic light entering tho 
plate normally is resolved into two rays whoso 
separation is further increased on entering 
tho second prism. Tho relative retardation 
produced between tho rays by tiieir passage 
through tho whole ifiato is pro])oi’ti()nal to 
(®i “ " Ao)» whore and c. 2 aro the distances 

traversed in the two prisms, and and are 
tho two extreme refractive indices. Along 
certain lines parallel to tho j)riKmatic edges tho 
phase difference between tho emergent I’ays will 
be equal to a whole number of wave-lengths ; 
there will therefore bo equidistant lines of 
plane polarised light occurring in the emergent 
light, which can bo made to appear as dark 
bands by tho use of an analysing i)riHm 
crossed with reference to the polariser. 
Between the bands tho light will be elliptically 
polarised in general; half-way between each 
band the light will be piano polarised in a 
direction oblique to the plane of polarisation 
of the first set, being perpendicular to it. 
If the plane of polarisation of tho incident light 
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is at 46® to the vibration directions of the 
prisms, this condition gives the best defini- 
tion to the bands when examined with an 
analyser. 

The compensator can be used as a measure 
of phase difEeronce, since the space between 
each dark band or graduation corresponds 
to a difEerence in retardation of X/2. If now 
one prism is slid over the other through a 
certain distance, the system of dark bands 
moves unchanged through half that distance. 

If a is the linear distance between two adjacent 
bands, a shift of the prisms by an amount x 
will produce a change in tlie retardation at 
any point of JXa;/a. Any change taking place 
in the state of polarisation of the transmitted 
light will be accompanied by a change in the 
retardation produced, and this can be measured 
by the relative alteration in position of a dark 
band. The original form of compensator was 
provided with a cross-wire controlled by a 
micrometer screw, the prisms being fixed in 
position; Jamin adapted the instrument to 
the special study of light vibrations, and 
replaced the movable cross-wire by a fixed 
wire, at the same time connecting one prism 
to the micrometer screw. j 

To determine the ■i)haso difference of the 
two components forming an olliptically polar- 
ised ray the cross-wire of the instrument is 
sot on the central dark band, corresponding 
to zero phase difference. Elliptically polarised 
light is then substituted for the incident piano 
polarised light, and the quartz wedge is moved 
by the micrometer screw to bring the central 
band and cross-wire into coincidence again. 
This gives a measure of the phase difference 
producing the elliptical vibrations; if the 
compensator is rotated until the phase differ- 
ence is X/4, the axes of the elliptical vibration 
will bo parallel to the vibration directions in 
fcho quartz i)riHrns, while their ratio is given 
by the tangent of tho angle between one of 
those directions and tho vibration direction 
of tbo analysing Nicol, 

(iv.) iSavart'a Polarise ope. — Savart's polari- 
scope, which is used for tlie detection of small 
quantities of piano polarised light in a partially 
})()larisod beam, is construc.tcd to give similar 
parallel dark bands. A ])lane parallel plate 
is cut from a quartz crystal at an angle of 
45® to the optic axis. Tho plate is then 
sootionod parallel to the plane surfaces, one 
half is rotated through 00® relative to tho 
other, and the two are oomentod together. 
Tho greatest sensitivity is attained when tho 
direction of the polarised vibration is per- 
pondioular to tho dark bands produced between 
crossed Niools ; in this position as little as 
1 per cent of polarised light can bo detected. 

§ (16) BEHAvioirR OF Crystal SmoTroNS in 
Polarised Light. — One of the chief applica- 
tions of polarised light is to the examination 


of thin crystal sections, for tho variation in 
their behaviour towards transmitted light is 
one of the most valuable criteria for the 
identification of crystals.^ In general the 
crystal to be examined is obtained in the 
form of a plane -parallel plate, too thin to 
cause the total separation of the ordinary 
and extraordinary rays when both are pro- 
duced, but thick enough to give clear indica- 
tions of the isotropic or birefringent nature 
of the crystal and its general optical character. 

The most essential instrument for the 
examination of crystal sections is some form 
of petrographical microscope, fitted with 
removable polarising and analysing Nicols 
which can be rotated together relative to the 
specimen or separately relative to one another. 
The microscope should also possess fittings to 
hold a quarter-wave plate, quartz wedge or 
g 3 rpsum plate, tho use of which will appear 
later. The whole subject of crystal examina- 
tion is vast and intricate ; it is proposed to 
give hero only a brief indication of the main 
characteristics of crystal sections and the 
general methods employed. It must bo borne 
in mind that, although it is mainly the 
characteristics of principal sections of crystals 
that are dealt with, an examination of a 
microsoopio slide will in general show crystal 
sections cut in all directions, in which case 
their properties will be modifications of those 
doscribod. 

There are two main classes of phenomena 
displayed by crystal sections : firstly, those 
displayed in parallel plane-polarised light, 
and, secondly, those occurring when the polar- 
ised rays are convergent. The former class, 
as being the simpler, will bo csonsidered first, 

. § (17) Crystal Sections in Parallel 

Lkuit. — I t has boon shown that in many 
respects tho ciiaractor of a crystal may vary 
in different directions. This may bo appli- 
cable also to its powers of absorbing light. 

(i.) PZeocArotm.— Some crystals show differ- 
ent powers of selcetivo absorption for the 
ordinary and extraordinary rays, with tho result 
that a section ]>arallol to the axis may appear 
of one colour when tho ordinary ray only is 
transmitted and a different shade of the same 
colour, or an entirely different colour, when 
it ie soon by extraordinary rays only. The 
coloured mica known as biotito is a good 
example of a pleochroic crystal, as it is termed ; 
tho extreme case of tourmaline has already 
boon mentioned, and in sections not sufficiently 
thick to absorb the ordinary ray completely 
there is a variation in colour from a pale 
bluish-green to an almost opaque brown as 
tho plane of polarisation of the incident light 
is rotated. 

(ii.) Interference Tints . — The appearance of 
crystal plates between a pair of Niools depends 
» See ** Crystallography,'' § (21). 
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oa the nature of the rays emerging from the 
crystal. In general the two rays produced 
by a birefringent crystal emerge with a 
definite phase difference depending upon the 
nature of the crystal, its thickness, and the 
wave-length of light used. Assuming that 
the section is of a standard thickness, so that 
the effects produced by different sections can 
be correlated easily,^ the polarisation of the 
emergent light will depend upon the wave- 
length of the light; if white light is used, 
the difference in retardation for different 
wave-lengths will lead to the plane polarisation 
of light of some colours and elliptical or 
circular polarisation of light of other colours. 
If the Nicols are crossed, the observer will 
lose light of all wave-lengths for which the 
phase difference in the plate is any multiple 
of X (remembering that the resolution of the 
two perpendicularly polarised rays to the 
vibration direction of the analyser causes a 
further retardation of X/2), and the resultant 
light will possess the colour complementary 
to that absorbed. The colours corresponding 
to retardations of varying amounts are given 
in the well-known Newton Scale of Interference 
Colours. A crystal of low birefringence will 
produce a small phase difference equivalent 
only to one wave-length for some particular 
shade. That colour alone will be eliminated, 
and a tint of the first order appears, clear 
grey, yellow, or rod; higher, birefringence 
entails the loss of more than one colour, 
and is indicated by the brilliant second order 
tints, while very powerful double refraction 
gives the soft impure tints of still higher 
orders. 

(iii.) Extinction , — If the vibration direction 
of the analyser is parallel to one of the vibra- 
tion directions in the section, the polarised 
light will pass through the crystal unresolved, 
and will be out Off completely by the analyser. 
Thus if a crystal section is revolved in its own 
plane between crossed Nicols, in four per- 
pendicular positions the field appears dark ; 
these are known as the positions of extinctionf 
and the line in the section then parallel to 
the vibration direction of the polariser is 
known as the direction of extinction. The 
angle l?etween the direction of extinction and 
a crystallographic axis indicates the nature 
of the crystal ; uniaxial crystals have “ straight 
extinction,’^ that is to say, their extinction 
angle is zero. Accurate measurement of this 
angle, either with the microscope or by other 
methods, is of great importance in the 
systematic investigation of a crystal. Sections 
of birefringent crystals perpendicular to an 
optic axis and all sections of a cubic crystal 

^ The thickness of a rock section or crystal section 
cut for general examination is usually between 
0-01 mm. and 0*02 mm., producing in quartz the 
clear grey and yellow of the first order interference 
tmts. 


will, of course, appear dark in all positions 
between crossed Nicols, 

(iv.) Sign of Birefringence . — The sign of the hi- 
rofringonco may be d(‘duoecl by tlu‘ uh<» of a gi/jMum 
•plate. Such a plate is a tliin cl(*avag(‘ section of the 
monoolinio crystal gypsum (H(‘lcnito), tlu* ek'avagc 
being parallel to the plaiu^ of symmetry, which eon- 
tains the optic axes. A section of suitable thickness 
shows a uniform intt^rfenmee tint of first order red 
between crossed Nicols, and a slight cliang<‘ in the 
phase dilleronco is enough to chang<‘ the tint 
sharply to the lower first ord(‘r blu(‘-gr(‘y or the 
higher second order yellow. N<w, if a crystal 
sootion whoso oxtinotioii dirt^otions are known is 
superposed on the gypsum plate between orossed 
Niools, so that one extinction dinnstion, that is to 
say, the vibration direction of ont' ray, is parallel 
to one vil)ration direction in the pUiti\ a raising of 
the colour tint to yellow will indicate! tlmt the diw'o- 
tions of fast vibration in the two eryst^ils coincide. 
It is only necessary to have the diit'ctions of feat 
and slow vibrations niark(‘d on the gypsum i»hite 
to bo able to deduce at once the com'sponding dit«t- 
tions in the crystal, and thcne.e by rt‘fer(‘iu‘i* to the 
position of its optic axis, or axes, to <U‘UTnune the 
sign of its bircfringenec. 

§ (18) Crystal Rrotions in (.V)Nvkrobnt 
Light. — The second class of phenomena 
shown in the examination of crystal plates 
is produced when the section is viewed in 
convergent or divergent polarist‘<l light, and 
takes the form of the W(dl-known “ rings 
and brushes ” prodiu^ed by interfonmee. For 
this purpose the microsecqx^ Jias practically 
to be converted into a teleseo|w ; details of 
the necessary arrangement may be found in 
Spitta’s Microscopy, p. 208 (1007)., or in F, E. 
Wright’s Methods of Petrographic Microscopic 
Mesearch, p. 39 (Hill). (To the latter work 
the reader is also refern^d for a very d<*tailed 
a'^count of the apparatus and incd-hods tiH«'d in 
the exact micro8(U)pie measurement of the 
oxjtical constants of a crystal ) With this 
arrangement any point on the field of view 
corresponds not to any spceiid ]K»int on the 
section, but gives the total effect of all mys 
travelling through the section at a <*('rtain 
angle, the centre of tht^ fitdd <*orr(*Rponding, 
of course, to the effiud. prodin^eul by light 
parallel to the axis of the systK‘m and normal 
to the section. 

(i.) Uniaxial Crystals.-- T^et tis eonsiclc^r first 
the behaviour of n plat-e cut from a uniaxial 
crystal perpendicular to the axis. Suppose 
the light to be diverging from S, nn<l iKtlariswl 
to vibrate verti(^ally {Fig. 14a), and let P 
represent the crystal sec'-tion whost^ optic 
axis is in the dirticfcion of OS. Any oblicpze 
ray will emerge from the plafo with a <lt*finite 
phase difference betwenm its two ^x^ri^endicu- 
larly polarised components. Th(^ phast^ <Uf* 
forence will vary with the angle of obliquity, 
assuming that the thickness of the plafio 
and the wave-length are constant. Hence 
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for a certain ray S;; the phase difference 
produced by the plate will have a value \ 
and when examined through an analyser the 
corresponding point in the field of view will 
appear dark. The locus of all points corre- 
sponding to rays passing through the plate 
with the same obliquity but varying azimuth, 
must by symmetry bo a circle roimd 0 ; 
consequently there will be a dark circular 

P 


fi 

O 


Jj'io. 14A. Fig. i4n. 

fringe visible marking a’ phase difference of X. 
Similarly, there will bo other concentric circles 
marking the locus of points where the retarda- 
tion is 2X, 3X, . . . n\ their separation 
decreasing towards the edges of tibo field. 
Moreover, any ray lying in the pianos parallel 
or peri)endioular to the vibration direction of 
the polariser will not undergo resolution in 
passing through the plane, and will be out out 




surface is formed by the revolution of a hy])cr- 
bolic curve about the optic axis. This surface 
is shown in Fig. 15, together with the more 
complicated form for biaxial crystals. Sections 
of a uniaxial crystal perpendicular to the optic 
axis show circular fringes, as wc have already 




seen ; in sections parallel to the optic axis the 
intersection with the isochromatio surfaces 
will bo hyiJorbolae. Photographs of the 
interforonco figures for uniaxial crystals are 
shown in Figs. 10 and 17. The case of quartz 
and other optically active crystals is worthy 



Kia. 10. 


ontiredy by the analym^r. This will rosidt in the 
field of view being crossed by dark rcc^tangular 
diagonals parallel to the vibration directions 
of the polariser and analyser, and tho appear- 
ance of the field will be similar to that shown 
in Fig. 14b. With monochromatic light the 
fringes will bo black; whiter light will give 
coloured fringes, Tho black fringes, known 
as isochromatic lines, represent tho intersection 
with tho crystal plate of tho i$ochro7mtic 
surfaces, which are the loci in space of all 
points at which tho phase difference is tho 
same. Tor uniaxial crystals each isochromatio 



17. 


of comment. Tho interference figure for 
quartz (mt poii)encUcular to tho axis is shown 
in Fig. 18. It will be noted that it resembles 
that of other uniaxial crystals except in that 
part representing rays travelling aldng or 
close to tho optic axis. As will bo sliown 
later, tho rotatory power of quartz leads to 
tho deduction that a ray ])arallel to tho axis 
is resolved into two circularly polarised rays 
which combine on emergence to form light 
polarised in a direction dependent on tho 
thickness of the orystal. Except for certain 
thicknesses of quartz, therefore^, the centre 
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of the iaterfereace pattern produced will show 
bright between crossed Nicols. 

(ii.) Biaxial Grifstals , — In the case of biaxial 
crystals a seouion perpendicular to the acute 
bisectrix will show the isochromatio lines as 
a family of lemniscates enclosing the points 
corresponding to light travelling along the 
optic axes. These will be crossed by dark 
brushes, the position of which varies with the 



Pig. 18. 


position of the optic axial plane in the section 
relative to the vibration directions of the 
Nicols. Fig. 19 shows the appearance of the 
fringes when these directions are parallel ; 



Pig. 19. 


if the section is rotated through 45® the 
brushes become hyperbolae, whose vertices 
are at the points corresponding to the direc- 
tions of the optic axes (Fig. 20). If white 
light is used the effect is complicated by 
dispersion of the optic axes and bisectrices. 

(iii.) Meaaurement of Optic Axial Angle . — It is 
this latter 46® position that is used for measur- 
ing the optic axial angle. By tilting the section 
about an axis in its plane perpendicular to the 
line joining the optic axial points, the position 
of the hyperbolic fringes is changed, and the 
tilt can be adjusted until one vertex lies on 


the cross wires of the inicTOHcope. Then rays 
parallel to tlio axis of the nucroscopo must 
travel along an optics axis. If both vortices 



PXG. 20. 


are brought in turn on to the croHs wires the 
angle of tilt between' tlu^ two positiorm givt^s 
the angle between tlu^ oi)tic axes in air. It 
may be nccossary, if the optics axial angle is 
vroy large or very small, to usc^ a liquid (»f 
high refractive index k^twoou tlic^ objective 
and the section, so that both a.vinl rays can 
be brought normal to the field in turij ; l)y 
obtaining mcasuromonts in si'ctions cut 
perpendicularly to the atnilo and obtuse 
bisectrices the actual ofitic axial angle in the 
crystal can bo obtained.^ 

(iv.) Sign of Birefringence . — Mention muHt be also 
made of the use of a quarter- wave plat(' and a quart* 
wodgo in determining from the iutiTf(*r(*nct‘ llguro the 
sign of birefringonoe of a orystal. Suppose* a (piarter- 
wave plate of mica is iuHerh-d lK‘tw<*cn tlu* atialyw^r 



Piu. 21. 


and a section of a uniaxial crystal eut iM*riK‘iulicular 
to the axis, the direction of fast vibration in (lu* mica 
being along AA'^ [Fig. 21), A diaplaccmcnt of the 


» Per a full account of the inethodH of tn<‘amiro- 
ment omployod and the nuitlu'nmtltm! n'latitm 
hptweon the apnaront and true optic iixlul angles 
?yrJSh' Manual of Petrographic 

MeihodSi jchannson, p. 102. 
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ring systom will occur, adjiiooiit q^uadranta expanding 
and contracting. If the costal is positive tho rings 
in quadrants A and A' will expand and those in B 
and B' will contract ; with a negative crystal the 
result will be reversed. This follows very simply from 
a consideration of the retardation at a point P, say, 
in tho quadrant B. If P lies on BB' the retardation 
in the crystal will take i)laco between rays vibrating 
parallel to OB and OA, and if tho crystal is positive, 
OA will be the direction of faster vibration, which 
therefore coincidoB with the faster vibration direction 
of tho mica plate. Tho retardations of the crystal 
and tho mioa will therefore bo additive, and the total 
phase difference increased ; this will apply to all 
points in tho quadrants B and B'. Hence a smaUor 
thickness of tho crystal will, together with the mica 
plate, produce a retardation of and consequently 
in those quadrants the fringes will close in towards 
the centre. In the alternate quadrants A and A 
a corresponding decrease in the total phase difference 
will produce a movement of the rings away from tho 
oeiitrc. 

With a biaxial crystal a similar effect is observed, 
and tho closing of the curves in tho quadrante joined 
by tho direction of slow vibration in tho mioa plate 
again denotes a i)Ositive hirefringenoo. The move- 
ment is not always easy to trace, however, and a 
bettor indication is obtained by the use of an elongated 
(jmrtz wedge out with its lino of greatest slope and 
its edges parallel to tho optic axis. Tho section is 
lilaood with tho trace of its optio axial piano at 46® 
to tho vibration direction of tho incident light, and 
the thin end of tho wedge is inserted along tho lino 
of the optio axes. Tho faster vibration in tho quarto 
is perpendicular to the long axis; if the crystal is 
positive its direction of faster vibration is porjMin- 
dioular to tho axial plane ; honoo the quartz and tlio 
crystal will have a subtractive effect, and the fringes 
will open as tho wedge is pushed further in and a 
greater thickness of quarto is brought into oi)eration. 
With a positive crystal there is a corroHponding con- 
traction of tho fringes as tho wedge is inserted parallel 
to the lino joining tho optio axes. 

§ ( 19 ) Deteotion and Mujasxiiikment of 
Strain .in Isotropic MATmiALS.— -An im- 
portant application of polarised light is its uso 
in testing glass for strain. BrowstiC'fT called 
attention to tho production of birofringonoo in 
isotropio media by mechanical atrossos, and 
later Clork Maxwell ^ attaediod tho problem of 
a strained plate mathomatically. A full dcscrii)- 
tion of tho methods used will be found elso- 
whoro and will not bo treated of further hero. 

An analogous method is also employed to 
obtain quantitative measurements of stresses 
present in mochanioal constructions, although 
at present tho whole subject has hardly passed 
beyond tho experimental stage. A comprehen- 
sive summary is given by Low in tho Aero- 
nautical Journalf 1918, xxii., together with a 
full bibliography of other researches and 
publications,® Tho general method may be 
outlined hero. 

* Ro}/. Roc, Min. Trans, xx. Bart I. ; Rcicnt\flo 
^ also JRoi/. Inst. Proc., 1016, xiv,, Lowry. 


A model of a mechanical construction is 
cut out of an isotropic medium ; glass has 
been used, but xylonite, although not so 
transparent, serves the puiimsc better, inas- 
much as it is easier to work and can be 
obtained in thick sheets showing no strain, 
and resembles in its mechanical properties 
the actual metals used in the full-scale 
construction. The prosonco of stresses in 
the model causes tho stressed portion to act 
as a birefringent medium, and transmitt^ 
light is resolved into two rays polarised parallel 
and perpendicular to tho direction of stress. 
The rays travel with different speeds, and as 
in the case of a thin crystal plate, the emergent 
h<^ht is coloured owing to tho elimination of 
cm-tain wave-lengths by intorferonco. The 
tint produced varies with tho retardation 
between the rays, which in turn is dependent on 
the amount of stress present. It is possible, 
therefore, by means of a block subjected to 
known stresses, to tabulate for any given 
thickness of the medium the stresses corre- 
sponding to the various tints produced, and 
from this table to deduce tho stress present 
in any model giving a certain interference 
tint. A more accurate method of quantitative 
measurement depends upon tho fact that while 
two superposed similar stresses have a simple 
additive effect if parallel, tho total effect of 
two similar perpendicular stresses is propor- 
tional to their difference. Thus an unknown 
stress coloration may bo balanced by super- 
posing a plate subjected to a stress of known 
amount and direction to produce between 
crossed Nicols a uniformly dark field. 

It is of importance to note that the bi- 
rofringenco isdopondont upon tho stress present 
and not upon tho strain; a plate strained 
beyond its elastic limit may show no optical 
effect if tho actual stress is removed, 

§ (20) Rotatory Polarisation (L) (7rj/s- 
faZA — When discussing tho behaviour of 
crystals in tho transmission of ])olarisod light, 
tho o])tic axis was dofinocl as a direction in 
tho crystal along which light travels without 
division of path. While in many ciystals this 
is equivalent to a statement that polarised light 
travelling along an optic axis emerges from 
tho crystal unchanged, some crystals, most 
notably quartz, have tho power in the direc- 
tion of tho axis of rotating tho plane of polar- 
isation. All such crystals, known as o^tMly 
active substances y belong to those classes of their 
rcsi)Octivo crystallographic systems which 
possess no piano of symmetry ; they arc all 
onantiomorphous, all but one chiss possessing 
only symmetry of rotation about an axis, the 
other class possessing no degree of symmetry 
at all. With those crystals two forms are 
possible, each being the mirror image of the 
other, hut not capable of complete identifica- 
tion with tho other by any change of orienta- 
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tion. In aU oasos in which the two forms have 
been obtained it is found that similar platos 
of the two out perpendicular to tho optic axis 
rotate tho plane of polarisation of transmitted 
light by equal amounts but in opposite direc- 
tions. Tho two crystal forms of quartz are 
well known, and can be distinguished morpho- 
logically by tho position relative to the 
fundamental prismatic and pyramidal faces 
of six pairs of small faces occurring throe at 
each end of tho crystal and known Jn the 
Mollorian system of notation as {4:12}- and 
{412} . Tho second of the ]^ir is often 
absent, but the presence on the {412} face 
of striae parallel to its line of intersection 
with the {412} face indicates what would bo tho 
position of the latter if devoioped, and shows 
the right- or left-handod nature of the crystal. 

There is considerable confusion ^ m tho 
definitions given by various authors of “ right- 
handed ” and “ left-handed ” rotation of the 
vibration plane ; this, no doubt, is due partly 
to the fact that tho convention adopted is 
based on the aspect of tho phenomenon as it 
appears to an observor, and is not descriptive 
of the motion taking place along the path of 
tho ray itsolf. An optically active substance 
is said to produce nght‘handed rotation, or to 
be dextro-rotatory, when to an obsorvor looking 
along tho path of tho light towards its source 
tho vibration direction is rotated in a olook- 
wiso direction; if tho rotation is oountor- 
clookwise tho substance is said to bo laevo- 
rotatory. 

Examples of crystals possessing rotatory 
power aro found in tho various crystal systems ; 
sodium chlorate and sodium bromate, crystal- 
lising in the cubic system, and thoroforo 
possessing no unique axis, show optical 
activity to the same extent in all directions ; 
sulphate of strychnia, a tetragonal crystal, 
and the double sulphate of potassium and 
lithium which belongs to the hexagonal 
system aro other examples, wWlo cinnabar, 
a trigonal crystal, shows a rotatory power 
nearly twenty times as strong as that of quartz. 

(ii,) . Liquids and Oases . — Many optically 
active crystals lose thoir power when in solu- 
tion, or when in a non-crystaUino state ; quartz 
in solution in potash or in a fused amorphous 
state is inactive, but sulphate of stryehnia is 
an oxeeption to this rule, and shows activity 
both when crystalline and when dissolved. 
This power is shared by many organic liquids 
and solutions of organic compounds ; in tho 
process of other investigations Biot accident- 
ally discovered the lacvo-aotivity of oil of 
turpentine, and on inquiring further into tho 
matter found that a similar activity was 
displayed by many other liquids. The rota- 
tory power of sugar solutions is well known, 


^ Sec “ Polarlmetry/* § (1); 
Rotatory Power of' § (1). 


“Quartz, Optical 


and forms tho basis of tho univorsal niothod 
of testing and examining sugars. [A H(‘])arati^ 
article dealing with polariitU'try and siicahari- 
motry will be found olscwhons t(» which 
reference may bo made for full inforituv- 
tion on tho subject.] Substances whi<*h are 
optically active in solution wore found by 
Biot to rotixin their power in the solid states 
if they did not crystalliH(‘ ; since all tluw on 
solidification formed biaxial cryshds, t-lu^ signs 
of rotatory power were coinplct(dy masked by 
birofringont olTocts. Lak^r work l>y Pockling- 
ton ^ and Dufot * on cjaiu^-sugar and various 
salts crystallising in the rhombic and niomv- 
clinio systems has demonstrak^d tlu^ pnwmcc* 
of optical activity in tho (Tystals aiul tho 
possibility of measuring its value along an 
optic axis. Biot further show(»d that, tlio 
transformation of a substance^ to a gawH)UH 
state does not destroy its optical ludivity, 
and later Gernoz * proved by exiH^riment that 
the rotatory power of a certain tulK‘-l<‘ngth 
of vapour is equal to that of tlu' (‘oluinn of 
equal cross-section of li(pud into which it 
condenses. 

§ (21) OmoALLY Aotivk SunsTANCKa. (i.) 
Botatory Power. — Appanmlly, then, tlu're am 
two classes of optically active suhskuicoH; sonu^ 
substances, like quartz, deiKMid for tlwdr iK»W(*r 
on their crystalline skik', that is, prc^stiniably, 
on tho grouping of th<^ nioleculc-s forming tlw'ir 
crystals, while in others the rotat<»ry iK>w<^r 
appears to b(^ an inheremt pr<)|)ert.y of each 
molecule, since their s(q Miration by solution 
or vaporisation does not alTect th<» jH)wer. 
This conception led to the intr(»dtieti(»n of 
tho term “ moUmUir rotatory pottwr ; if a 
solution of density d (U)nkvining p grams of 
an optically active substHanc^e in q gnims (d 
solvent is containtul in a I d<H'iine< rc^s 
long, and if R is the angular rotation pn>dn(*ed 
by the tube, 




qd 

q 




pdl{p’¥q) being tho amount hy w<*ight (»f tho 
substance in unit volume of tli<' lupikl. (/») wuh 
taken to ho a oonskint for tiic» suhKtan<‘c‘ for 
any spoeifiod k,mqK>rnturo and w’avc* -length, 
and was denoted hy tho tnotemUtr rotatory jHorrr 
or specific, rotation- of tin* substaneo. Ibiltitig 
qssO and Z=l, (jo)=a:R/rf; hence tlie moleculur 
rotatory power may Im mon*) Hix^citicnlly 
defined as tho angular rotation of I d(‘cimetrt' 
of tho subskinco in tho pun' solkl state divided 
by its density. This is the d('tinition which 
should be adopted, for Biot Hhowe<l that 
angular rotation produced is not strictly 
proportional k) tho amount of substance 


■ Infill. Maff., inoi, ii, m 

, » Jour, (le Phis,, 1004, iii. 757; Hnll. Stw. Frait. 
de Min., 1904, xxvH. 1,5(1, 

(^om fifes Rendus -imtiy 
publications between 1887 and 1802. 



POLARISED LIGHT AND ITS APPLICATIONS 


509 


present, Landolt,! after careful investigation, 
deduced the formula 


R^A + B^ + Cgrf, 

whore R is the rotation produced by 10 cm, of 
a solution containing q parts by weight of 
the solvent in 100 parts by weight of the 
solution, A is the molecular rotatory power 
of the pure substance, and B and 0 are 
constants to bo determined for each sub- 
stance and solvent by observations on 
solutions of different strengths. It should 
be possible, if B or C is negative, for the 
same solution to exhibit positive and negative 
rotation at different concentrations, and this 
has been shown to occur in the case of malic 
acid, which is dextro-rotatory in concentrated 
solutions, and laovo -rotatory when dilute, a 
solution containing 66*7 per cent of water 
being inactive. 

The effect of temperature on the angle of 
rotation is considerable, and is of importance, 
especially in*-. connection with polarimetric 
work ; it will be treated under that head, 
therefore, and not further described here. 

(ii,) Variation with Wave-length of Light . — ^The 
variation of the rotation with wave-length is, 
however, of more far-reaching importance. 
Biot’s observations led to the result that the 
angle of rotation is approximately inversely 
proportional to the square of the wave-length. 
Prom Biot’s figures for quartz Stephan pro- 
posed the empirical formula 


R=- 1-581 + 


0-80403 


which gives results in fair accordance with 
the observed values, the first term representing 
the amount of departure from the inverse 
square law. Boltzmann ® suggested the addi- 
tion of a fourth order term to Biot’s simple 
proportion formula, putting 





which yielded more accurate rosidts and was 
applicable to substances other than quartz. 

More modem investigations of the problem 
have led to the" development of equations of 
the form 

• • •’ 

whore ht Jkj, X’g, . . . X^ X^, . . . are constants 
on which the properties of the medium depend. 
This expression with the five constants indi- 
cated has boon verified to a high dogroo of 
accuracy by Lowry.® 


^ lierwMe dfir Leutschm Chemischen Ges^lscMft, 
1880, xUi. 2320. 

* Poffff. Annal.f 1874, 128. 8oo also Poddlo, Hop. 
See. Edinfmrgh Proc., 1h 82, xl. 816. 

® Phil. Trans. Hop. 1012, A, ccxli. 201. Soo 
also “ Quartz, Optical Rotatory Power of.” 


§ (22) Applioations. (i.) General . — This 
variation of rotation with wave-length affords 
a simple means of distinguishing between 
right- and left-handed rotatory power. If 
plane polarised white light is transmitted 
through an optically active substance, any 
orientation of the analyser can only eliminate 
light of one wave-length, so that the final 
beam may show any tint contained in the 
Newton scale of interference tints. Since 
violet light suffers greater rotation than the 
rays of longer wave-length, the colour produced 
by a dextro-rotatory substance will change 
from the shade complementary to red to the 
shade complementary to violet as the analyser 
is given a clockwise rotation. The sequence 
will be reversed if the substance is laevo- 
rotatory, and a clockwise rotation of the 
analyser will produce a change from a 3reddish 
tint through the so-called “ transition violet ” 
to bluish green. The transition violet marks 
the point at which the most intense part of 
the spectrum, the yellow region, is eliminated ; 
a very slight rotation of the analyser is 
sufficient to cause a marked change of colour 
at this point, to red on the one side and to 
blue on the other. 

(ii.) Biquartz . — Tlois sudden change has been 
utilised in the Biquartz plate, which is of 
great use in sotting the planes of analyser 
and polariser accurately perpendicular, or 
in detecting very small amounts of rotation 
of the vibration piano. The biquartz consists 
of two equal plane - parallel somioircular 
plates cut perpendicular to the axis from right- 
and loft-handed quartz crystals, and oemontod 
together to form a circular plate. The thick- 
ness of tho plate is designed to produce 
the transition violet tint when placed between 
two Nicols ; if tho thickness is 3*75 mm. the 
tint is produced between parallel Nicols, 
while a plate of double this thickness gives 
tho same effect with crossed Nicsols. A rotation 
of tho vibration plane of the analyser, or of the 
incident light, tends to producjo a change in 
the colour of one half of tho i)late towards 
rod of tho first order of Newton’s scale, and 
in tho other half to a blue or groon of the 
second order, and tho juxtaposition of the 
two halves makes it possible to detect a very 
small alteration of tho vibration direction. 
If tho biquartz is used with sodium light 
there will be a corresponding difforonoo of 
intensity produced between the two halves, 
whioh affords an almost equally sensitive 
tost. 

A single quartz pinto cut from either a 
right- or a left-handed crystal, and producing 
botwoea crossed Nicols a uniform transition 
violet colour, sometimes known as a Biot 
quartz plate, may bo employed instead of a 
gypsum plate, the use of whioh has been 
dosoribed .in dealing with the miorosoopio 
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examinatioa of double refraction in crystal 
sections. 

(iii.) Theoretical Comiderations . — It has been 
suggested that optically active crystals owe 
their power to the arrangement of naolecules 
in the crystal. Further support was lent 
to this theory by Reusch, who successfully 
imitated a plate of q[uartz cut perpendicular 
to the axis by a pile of thin mica plates so 
arranged that their maximum velocity axes 
formed a spiral. The thinner the plates and 
the greater their number, the more complete 
was the imitation. Later Ewell ^ showed that 
a similar effect is obtained by passing light 
along the axis of a twisted cylinder of gelatine. 

In the case of liq.uids, solutions, and gases, 
where no definite arrangement of the molecules 
can be postulated, it is of importance to note 
that in all oases the optically active substance 
contains the tetravalent carbon atom, and it 
is an obvious inference that just as similar 
molecules may be grouped together to form 
crystals related to each other as obiect and 
mirror image, so the four atoms or univalent 
groups of atoms linked to the central carbon 
atom may be arranged in two distinct ways 
to produce molecules similarly related. Le 
Bel and Van’t Hoff ® explained the occurrence 
of dextro- and laevo -rotatory liquids along 
these lines. 

It is impossible here to enter into a full 
theoretical discussion of the phenomenon of 
optical rotation ; a complete explanation has 
been advanced from the standpoint of the 
electromagnetic theory, and is to be found 
in various advanced text-books, more espe- 
cially that of Drude,® whose treatment is 
followed in outline by R. W. Wood* (see 
** Quartz, Optical Rotatory Power of”). 

An explanation must necessarily involve a 
more precise knowledge of the nature of the 
vibrations that are transmitted along the 
optic axis of a rotatory crystal. The earliest 
information on this point, due to Fresnel, 
was based on the fact that circularly polar- 
ised light passes unchanged along the optic 
axis of a quartz crystal. A linear vibration 
may be regarded as the equivalent of two 
superposed and oppositely described circular 
vibrations of equal period and amplitudo. 
Fresnel assumed that plane polarised vibra- 
tions, on entering a crystal along the optic 
axis, are resolved into two such circular 
vibrations, one of which travels with a greater 
velocity than the other. It is easily shown 
that in such a case, if the vibrations emerge 
from the crystal at the moment when one is 
retarded by half a wave-length relatively to 
the other, they will compound to form a 

1 Am. Joum. 1800, vlii. 80. 

> Soc. Ckim. Bull, 1874, ii. 22, 337. 

“ Lehrhuch der Optik, 1000, p. 638, Engl, trans.. 
1920, p. 400. 

* Physical Optics, E. W. Wood. 1014. ■ 


linear vibration whose direction is at 90® 
with that of the incident light, that is to say, 
the crystal has caused a rotation of tlio piano 
of polarisation by 90® in the direction of 
rotation of the faster moving vibration. 

(iv.) FresneVs Prism . — ^Tliis simple 

theory explains the doj)ondonco of the angle 
of rotation upon the thickness of tlie inodium 
traversed and upon the wave-length of light ; 
moreover, Fresnel was able to domonstrat-e 
the real existence of two circularly polariHCul 
rays within a crystal by sliowing that they 
were capable of complete separation and 
could each bo analysed after leaving the 
crystal. This ho accomplished by building 
up a compound rectangular block of alternate 
prisms of right- and left-handed quartz (Fig. 
22). At each intorfaco tho refractive indices 



for the rays are intorohanged, sinc^o the slower 
travelling ray in right-handocl quartz Ix^coines 
the faster moving ray in left-haud(^cl (piartz, 
and the obliquity of tho intt^rfa(*es is so 
arranged as to increase tho (sonsequont separa- 
tion of tho rays at each refraction, until tho 
emergent rays are completely separat(ul. ( )n 
analysis by moans of a quarter- wave plat e the 
rayB are found to bo circularly polarised in 
opposite directions. 

It may bo noted in passing that pnvuuitionH 
have to bo taken in tho oonstruc'-tion of quart-z 
prisms for spootroscopic work to eliminate 
this separation of tho rays. Clonni showcKl 
that a 60® prism will prodiuse a w'paration of 
21" between tho rays of Hodiuni liglib travtdling 
along tho optic axis, but by using a prism 
composed of two similar halves of right- and 
left-handed quartz tho separation p^o(lu(^ed in 
the first half is exa(!tly neutraliH(^<l hy that 
produced in tho second half, and this* is tlm 
common type of prism in use at the pnwnt. 

(v.) Form of Wave-surjacru m Quartz, This 
phenomenon of double refraction along the 
optic axis of quartz nocessitatt^H a modification 
in our conception of the wave-Hurfaces within 
the crystal. Tho sphere and spheroid whicli 
in inactive uniaxial crystals tou<‘h at th(» 
extremities of the axis are not in similar 
contact in the case of quartz. MorfM)v<>r, it 
has been shown that in addition to an incnuise 
in velocity, or a decrease in rcfra(‘tive index, 
ioT tho extraordinary ray as its inclination to 
the optic axis decreases,' there is a very slight 
increase in tho velocity of the ordinary ray, 
only noticeable when its inclination to the 
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axis is very small, so that it appears that in 
the case of quartz the extraordinary wave- 
front is slightly depressed, and the ordinary 
wave-front elongated, in the direction of the 
optic axis. 

(vi.) M^GuMagh'a Theory . — A xnathomatioal in- 
vostigatioii of tho double refraction of quartz in all 
dirootious was publisliod by Airy in 1831.^ As his 
hypothesis he assumed that for tho general case both 
rays wore elliptically polarised, with their major axes 
porpondioular and parallel to the principal piano of tho 
crystal, that the rotatory vibrations were in opposite 
directions, and tho ratio of their axes was equal, 
becoming unity when tho rays were parallel to the 
optic axis and infinity when perpendicular to the 
axis. Five years later M'Oullagh attacked the 
problem again, and, starting with tho ordinary 
differential equations representing wave-motion, 
introduced arbitrary modifications which made them 
inclusive of the effects of rotatory power. 

Tho ordinary equations are: 





,h^- 




where 17 are the displacements in a plane per- 
pendicular to the optic axis of a particle whose 
ordinates are a, y, and z*rolative to tho same axes, tho 
optic axis coinciding with tho z axis ; b is tho velocity 
of propagation of tho wave-front along tho axis. 
To those M‘CuUagh added an arbitrary term, giving 
tho equations tho form 






*52 


52 ®' 


' 52 ®’ 


This addition was justified by his obtaining equations 
for tho motion of tho two rays representing right- 
and left-handed circular vibrations, and his resulting 
expression for tho rotation, 

_ 27r®cV® 

6 *\® ’ 


shows it to bo inversely proportional to square of 
the wave-length X, if V, tho velocity of tho ray within 
tho medium, is constant, that is to say, if disper- 
sion is noglootod. Tho constant c, which is shown 
to bo very small, is positive in a dextro-rotatory, 
and negative in a laovo-rotatory crystal. Tho full 
investigation is to bo found in Vordot’s Legons 
d'optique phymquef vol, ii., together with a biblio- 
graphy of other writings on tho subject published 
prior to 1800. A more modem treatment by Trudo, 
based on tho electromagnetic theory, is contained 
in tho bitter’s text-book on Optics which has already 
boon inentionod. a n -n 


P0LARI8BD LioitT, Mktuops oiT Probitotion 
OF. Soo “ Polarised Light and its Applica- 
tions,” § (8). 

Polish of an Optical kStjrfAoid, discussed by 
Lord Rayleigh. See “ Optical Parts, Tho 
Working of,” § (5). 

Regarded by Beilby as a rearrangement or 
glow of tho surface molecules. See ibid. 
§(^). 

» Caml). Phil. Soc. TranB.t 1831, iv. 79. 


Polishing, Times of, with typical polishing 
materials under specified conditions, 
tabulated. See “ Optical Parts, Tho 
Working of,” § ‘(8). 

With a variety of materials, when using a 
particular polishing medium, under speci- 
fied conditions, tabulated. See ibid. § (8). 

Polishing Materials. See “ Optical Parts, 
The Working of,” § (8). 

Polishing Optical Surfaces, Tools for. 
See “ Optical Parts, The Working of,” § (9). 

Portable Photometers. See “Photometry 
and Illumination,” § (61) et sqq. 

POSITION-FINDER, THE MIRROR 

§ (1) General Principles. — In the develop- 
ment of the theory and practice of anti- 
aircraft gunnery it became necessary to 
employ some rapid and accurate means of 
determining the path, or tho position £it any 
moment, or the velocity, of an object in the 
air. To meet this need the mirror position- 
finder was designed early in 1916. This 
instrument, however, gave satisfactory results 
only at high angles of elevation, above (say) 
36°, and at the end of that year the window 
position-finder was designed to deal with the 
lower angles. Tho principle of either instru- 
ment is tho same, and together they make 
it possible to record the positions or move- 
ments of aerial objects, from the vertical to 
the horizontal. The principle is illustrated most 
simply by Fig. 1, in which GK, G'K' represent 
two rectangular sheets of glass lying in the 
same plane, but at a considerable distance 
apart. At A^, A^', are two small apertures 
through which observers can look at a distant 
object, P, on the further side of the glass. 
Each aperture is at tho same distance, A, 
from tho glass, and tho distance, B, between 
Ai and A^' is known accurately. Porpondi- 
culars from and meet the glass at 0 
and O'. Tho observer at Aj marks on the 
glass at m tho apparent position of the object, 
P ; tho observer at Ai_' does tho same at nf. 
If tho positions of m and m' relative to 0 
and O' are determined, tho two lines A^m 
and Aj'm' are fixed and a simple calculation 
gives tho position of P, 

If tho glass sheets are horizontal and the 
eye apertures are placed as shown at A^ and 
Ai', it is necessary for tho observers to look 
upwards. This is inconvenient, and the diffi- 
culty is avoided in the mirror position-finder 
by the use of horizontal mirrors. The 
apertures, A and A', arc placed above the 
mirrors, each at a height A, and in such a 
way that Aj is tho imago of A and A^' that 
of A'. Tho observers look downwards at the 
images of P in the mirrors. In tho window 
position-finder the glass sheets are vortical 



512 


POSITION-FINDER, THE MIRROR 


and the observers look through, them in the 
manner described above. 

§ (2) Dbsoription. — The mirror position- 
finder consists of two horizontal plane mirrors, 
etched on the silvered aide in centimetre 
sq[uares, mounted — ^if possible at the same 
level — at the ends of a base of measured 
length B, aligned accurately on one another 
and carefully levelled. The stations (which 
we will call 0 and O') are connected by tele- 
phone ; the observer at each station wears 
a receiver on his head and holds a microphone 
in his left hand. Each mirror is provided 
with a movable stand, carrying an aperture 



at height h above the mirror: it is best to 
employ a skeleton aperture so as to impede 
the view as little as possible. The observer 
looks through the aperture at the reflection 
in the mirror of the object which he desires 
to observe, and notes with a pen on the surface 
of the glass the position of the image at any 
desired moment or series of moments, care 
being taken to put the real point of the pen, 
and not its imago, on the image of the object. 
Simultaneous observations are made at both 
stations, and from those observations the 
position of the object can bo simply calculated. 
The ink used should be of the non-drying 
variety (made with glycerine), both to ensure 
that the pen marks when required and to 
enable a permanent record to be made of 
the observations. For the latter purposes, 


after the observations are completed, a pair of 
suitable axes is inked in on the glass, and a 
piece of absorbent (“ Roneo ”) paper laid over 
it. The results can then bo moasurod u}) and 
the appropriate calculations made subse- 
quently. 

The aperture is placed vertically above the 
intersection of two suitable rulings on the 
glass, by looldng through it and ])la(!iiig its 
image on that intersection. The i)(>Hiti<)n8 of 
the dots recording the iiosition (or rather the 
direction) of the object are ox])rcH8ed in 
Cartesian co-ordinatcH, measuring from the 
point on tho mirror vertically below the 
aperture, x being the distance in ({cntimotrcs 
parallel to tho base, and y the distanito per- 
pendicular thereto, x' and y* being corre- 
sponding co-ordinates of the dot made at the 
other station O'. The posithm of tlie object 
in space is expressed similarly in (iartosian 
co-ordinates and referred to tho same two 
, axes, being {X, Y, H} as measured fiom 0, 
^ and {X', Y', Hj* as Tnojisurod from O'. It is 
assumed that X, X', a;, x\ are all moastired 
towards tho other station, that the oo-ordinatos 
of the object in space an^ very largo comj>aro<l 
with those of its imago in the mirror, and 
that tho stations are at tho same level. It is 
obvious then from consideratioiiH of similarity 
(see Fig. 1) that tho following relations hold : 

x^’y A a' y' " a;-i-aj' "ay + fl?' 
since X+X'— B. 

Henoe ' 

Y- 

w- 

"■'*+*' > 

and y ^ y\ since clearly Y -- Y'* 

The formulae for X, Y, and H enable the 
position of tho object in space to Ixj caleulatwl 
by simple arithmetic ancl without the use of 
trigonometry. Tho relation y y\ on the 
other hand, is a valuable <dicck on the obw‘rva- 
tions, and may be employed also t,o d(‘t«»rmine 
simultaneous points on two oonlinuotis r<H»()rdrt 
(one at each station) of tho path of an obj<*(»t 
in space. Indeed the “ equality of t h<^ y'f^ ’* 
enables tho complete track of an aeroplane »»r 
other aerial object to be calculated witlumt 
any moans of ensuring simultaneity of obw’rva- 
tion, the two complet<^ wK^tinls Iwing co- 
ordinated with one another merely by taking 
points with equal y’s. The m<»tho<l, of (^ourws 
breaks down when tho path of the f)hje(d, in 
parallel, or nearly parallel, to the base. 
“equality of tho y’s” has a third value in 
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enabling the observer at one end of the base 
to point out objects to the distant observer, 
so enabling him, for example, to discriminate 
between different aeroplanes, or different 
shell-bursts, or different parts of a cloud. 

§ (3) The Observations. — The method of 
observation is not difficult : it involves one of 
the most refined and highly developed of 
human faculties — ^the accurate adjustment of 
hand and eye — and so enables the record to 
bo made with quickness and precision. The 
rulings on the glass are a great assistance in 
accurate observation, by enabling the eye and 
brain to “ fix ” the direction of the object 
at any desired moment, and so to note it 
with the hand without undue hurry. With 
every precaution taken, good glass for the 
mirrors, telescopes for alignment, sensitive 
spirit-levels for levelling, fair visibility, and 
trained observers, experience at Portsmouth 
during the war in recording the positions of 
shell-bursts in the air showed that the probable 
error of one observation was not more than 
0*1 or ()’2 mm. in a; or y, an error corresponding 
usually only to a few feet in the calculated 
position of the object. The most serious 
error indeed, unless special precautions be 
taken, is caused by unevenness in the glass, 
which should be chosen (or better, manu- 
factured) as flat and as parallel-sided as 
possible. 

§ (4) Geometrical Properties, — The 
mirror position-finder possesses several useful 
geometrical properties in addition to the 
“ equality of the y’s.” For example, if , as is 
common, an aeroplane be flying at a constant 
height the track on either mirror is exactly 
similar to the track in space, reduced in the 
ratio ^/H. Or again, the height is given by 
the simple formula B/i/(a;+a:'), thus it is 
inversely proportional to the sum of the a;’s. 
Or again, the velocity of a horizontally moving 
object (such as a puff of smoko in the wind) 
is exactly the same as that of its imago, 
recorded at measured intervals on the glass, 
multiplied uj) in the ratio of H/A. If, there- 
fore, li bo known, as, for example, in the 
(lase of a shell fired to burst at a known height, 
the si)ee<l and direction of the wind at that 
height can be determined at onoo merely by 
recjording the motion of the image in one 
mirror of the. smoke from the shell. 

§ (5) Tice Window Position-finder. — 
This is similar to the mirror mstrument in 
princiiplo, the whole system of glass and 
aperture being revolved through 90® about 
the base lino, the mirror in this ease being 
replaced by ruled transparent glass, and the 
observer noting the direction of the object 
in ink on a vertical window instead of on a 
horizontal mirror. The practical working 
(kitails of the instrument are different, and 
observation is not quite so easy or accurate. 


but the theory and the calculations remain 
the same. The geometrical peculiarities of 
the record of an object flying at a constant 
height of course no longer obtain. The 
instrument may be used for the accurate 
observation of objects or events in the sea 
or on the ground, as well as for aerial observa- 
tion. 

§ (6) Uses of the Position - finder. — 
The instruments described have been employed 
for a variety of purposes : 

(1) For determining the height, position, 
path, or speed of an aeroplane flying hori- 
zontally or in any manner required. 

(2) For determining the position in space 
of a shell bursting in the air. 

(3) For determining the point of impact of 
a shell striking the sea. 

(4) For determining the velocity and direc- 
tion of the wind at any height desired, by 
firing a shell to burst at that height and 
making timed observations on the path of 
the smoke ; in this way observations of the 
wind have been made at heights up to 36,000 
ft., and of speeds up to 116 miles per hour. 

(6) For determining the height, direction of 
motion, and speed of a cloud. 

The mirror and window position-finders 
have been and are employed by the British 
military, naval, and flying services for gun 
trials of various kinds, for recording anti- 
aircraft practices, for determining the height, 
speed, or position of aircraft, and for measur- 
ing the velocity and direction of the wind 
at various heights. The U.S. Army also have 
erected a number of stations at their Aberdeen 
Proving Ground in the Chesapeake Bay. 

A. V. H. 


Position Fixing, Methods of, for ships at sea. 
See “ Navigation and Navigational Instru- 
ments,” § (17). 

Positive Rays : a stream of positively 
charged atoms travelling mainly towards 
the cathode when an olectrio discharge is 
passed in an evacuated tube. See “ Radio- 
logy,” § (6). 

Pot Furnaces for Melting Glass. See 
“Glass,” §(15) (i.). 

Potash, Use of, in Glass Manufacture. See 
“ Glass,” § (6) (ii.). 

Potash Lead Glass, presence of chlorides or 
sulphates leads to cloudiness. See “ Glass, 
Chemical Decomposition of,” § (1). 

Potash Limb Glass. See “ Glass, Chemical 
Decomposition of,” § (1). 

Power of a Lens, the reciprocal of its focal 
length. For methods of determination see 
“ Lenses, The Testing of Simple.” 
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PoYNTiNa’s PoLAEBiBTHE, See “ Polari- 

Mtetry,” § (11) (1). 

PrBIOB iLLTJMINATtON PHOTOMETER. See 

“ Photometry and Illumination,” § (66). 
Pressed Glass, Manufacture op. See 
“ Glass,” § (18) (vi.). 

Pressure (and Temperature), corrections 
to ref raoto metric measurements. See 
“ Spectroscopes and Refractometers,” § (17). 
Principal Pool See “ Objectives, Testing 
of Compound,” § (1); also “lenses, Theory 
of Simple,” § (3). 

Principal Points and Planes of a Lens. See 
“ Objectives, Testing of Compound,” § (1); 
also “ Lenses, Theory of Simple,” § (6). 
Prism ( Optical). For formulae governing the 
refraction of light by a prism see “ Spec- 
troscopes and Refractometers,” § (2) et 
seq, ; for adjustments see § (7). 

Defects of, see “ Goniometry,” § (6). 

Prism Speotrooraphs, Wave - length 
Measurements with. See “ Wave-lengths, 
The Measurement of,” § (5). 

Prisms, Polarising, Niool and other Forms 
OF. See “ Polarised Light and its Applica- 
tions,” §§ (10) and (11). 

PROJECTION APPARATUS 

§ (1) General. — ^Projection apparatus maybe 
broadly defined as apparatus in which a source 
of light is associated with an optical device to 
produce localised distant illumination. Most 
light sources send out light more or less 
equally in all directions, and it is evident that 
if an optical device can bo employed to bend 
the rays all into one flirection, it should be 
possible to increase the volume of light passing 
in that direction enormously, and so ensure 
a degree of illumination at a great distance 
in that direction only, which would bo equi- 
valent to the illumination produced by the 
naked source alone at points comparatively 
near to it. 

If the theory of projection apparatus is to 
he understood, it is necessary to investigate, 
first, the general theory of illumination, and 
secondly the theory of optical devices for 
bonding the ray paths. Now the broad 
principles underlying both these are quite 
simple, and yet there is the profoundest 
ignorance as to the limitations of projection 
apparatus amongst otherwise well-informed 
people ; such ignorance, for instance, as caused 
numberless inventors in all seriousness to 
propose that airships could be set on fire 
by concentrating the rays of a searchlight 
upon them. The object of this article is to 
explain the broad principles underlying the 
theory and practice of projection apparatus 
in the simplest possible way. 


To begin with the theory of illumination ; 
this obviously involves the measurement of 
brightness, and though accurate measurements 
in the laboratory arc matlo with the aid of an 
instrument called a photometer, yet this is 
only a mechanical device to assist the eye. 
Ultimately the eye is the instrument that is 
used to compare one brightness with another, 
and the essential theory of illumination can 
best be disouasod from the point of view of 
what the eye sees at any given ])oint. 

To* bo exact, no human oyo can verify the 
illumination produced by a source of light 
at any given point of apa<^o ; it can only 
form an estimate of the total amount of light 
energy from that’ source passing through the 
iris aperture, which has very definite though 
variable size. 

For results to be strictly comparable, 
therefore, a “ hypothetical eye ” must bo 
assumed with a small fixed iris-oi>ening, 
capable of examining and CHtiinating the 
illumination produced by the brighU^st sources 
without fatigue or dazzle. It will also be 
convenient to assume that this “ hypothetical 
eye ” has an infinite capacity for seeing detail 
so that it would rooogniHo the sliape of oven 
the most distant sources. In what follows 
the term “oyo” will be used as signifying 
an organ with these extended pow’ors. 

§ (2) Definition. — ^It is dc^sirable at the out- 
set to get rid of that meaningless abstraction 
a “ point of light.” There is no such thing as 
“ a point of light.” Light cannot be obtalnwl 
except from an incandoscicnt souroe of tlcfinitc 
and measurable size, and the theory of illumina- 
tion can never bo undcrstcuxl until this element- 
ary fact has been (dearly graaptnl. Light is a 
form of energy whmh is emittwl from ineon- 
UoBcent surfaces. Any particsular surfa<se will 
only emit visible light when raised to a certain 
minimum tcmporaturo ; and after that 
temperature has boon passed, it will omit 
more and more light as the temptTaturo is 
raised. Surfaces made of difTerent matt^rials, 
but otherwise idcuitical, when raised t-o the 
same temperature will usually emit (^uite 
different amounts of light per wx'ond. 

The term “ intrinsic brighlm^ss ” is usually 
applied to the measure of this light-emissive 
power per unit of area of surfaces and it is 
generally quoted in oandlo-powcr pc^r miuare 
inch. 

The fundamental fact on which the whole 
theory of illumination dopemds is tliat <*aeh 
element of any surface raised to a uniform 
temperature, and omitting light in ccmwHpumce, 
appears always of the same brightnt^ss at 
whatever angle or from whatever (Ustan<re it 
is viewed. Thus a uniformly bright surface 
appears to the oyo simply like a flat slux't of 
brightness having a certain definite ” apparent 
size and shape.” For the sake (d eleami^ss 
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the “ apparent size and shape ” for any 
“ view point ” may be defined as the actual 
size in square inches and shape of a fiat sheet 
which, when placed one foot from the eye 
with its piano perpendicular to the line of sight, 
exactly obscures the incandescent source or 
appears to coincide with it in shape and size 
as scon from that “ view point.” 

It follows that the illumination produced 
at any point is proportional to the “ intrin- 
sic brightness” of the incandescent surface 
and to its “ apparent size,” since 2 square 
inches of fiat glowing surface at 12 inches 
distance must produce double the illumination 
of 1 square inch of surface glowing with 
equal brightness at the same distance. 

The unit of illumination is known as a 
foot-oandle and is the illumination produced 
by an incandescent sheet of unit “ intrinsic 
brightness” at a point at which it has unit 
“ apparent size.” 

Again, the same sheet raised to a higher 
temperature will appear brighter ; in fact, the 
“ intrinsic brightness ” of any particular 
material is a measure of its 
temperature ; but different 
substances raised to the same 
temperature will glow with 
different brightnesses. The 
illumination produced, how- 
ever, at any given standard 
distance can bo made the same 
by increasing the size of the 
less bright material so as to compensate for its 
smaller “ intrinsic brightness.” 

While, however, the illumination produced 
by a large gently glowing sphere may bo of 
exactly the same intensity as that produced 
by a tiny intensely bright sphere, yet the two 
sources act very differently when associated 
with an optical device for projecting a beam 
localised in a certain direction. 

§ (3) Omes OF Illumination. — It is the 
peculiar function of optical devices that 
they can entirely alter the apparent shapes 
ami sizes of sources as seen from certain 
directions, but they can never make thorn look 
brighter. Owing to transmission losses — 
colour in glass, or imperfect reflective power 
— they may make the source look loss bright, 
but the variation in intensity of illumination 
produced in certain directions by an optical 
projector is simply duo to its capacity to 
make the source look larger or smaller in those 
directions. Thus, an incandescent sphere 
B (Fig. 1) placed behind a plano-oonvox con- 
denser may appear when seen through the 
lens k as of apparent size E instead of c, 
which would be the apparent size of the 
source as soon through a thick plane plate of 
glass in place of the Ions L. The brightness 
of the source as seen through the parallel 
plate is exactly the same as the brightness of 


the magnified source when seen through the 
lens instead of the parallel plate, and this 
brightness is necessarily slightly less than the 
brightness of the naked source, owing to 
absorption and transmission losses in passing 
through the glass. 

Prom the foregoing it is evident that there 
is a very definite limit to the intensity of 
illumination that can be produced by any 
projector of given size using a source of given 
“ intrinsic brightness.” The very highest 
efSciency for such a projector is that the 
whole front window or aperture of the pro- 
jector, as aeon from a distant point, shall be 
filled (or flashed) with the “ intrinsic bright- 
ness ” of the source. This is termed a 
“ complete flash.” 

When only certain parts of the front 
aperture are seen as of the same “ intrinsic 
brightness ” as the source (loss ordinary 
transmission losses), then the projector is said 
to afford a “ partial flash.” This latter term, 
it should bo noted, applies not only to systems 
leaving dark patches in the front aperture, but 


also to systems in which certain areas of the 
front aperture are seen filled with a coloured 
Jlasht due to the “partial flashing” of certain 
primary colours causing such constituents to 
bo absent in those areas. 

It will be noted that the condition for a 
“ complete flash ” will bo satisfied if the ray 
directions traced from the oyo through every 
point of the optical system arc so bent and 
defleotod that they all concentrate on to the 
source. Binco a distant view point is assumed, 
such ray directions form a system practically 
parallel linos at the pr(.)joctor. It will be seen, 
therefore, that for maximum efficiency with 
a Ronroo of minimum size the optical system 
must ho designed to bond parallel ray direc- 
tions, so that they all pass through, or at 
least extremely near to, a fixed point termed 
the “ focus.” 

If then a small source be placed at that 
“ focus ” there will be one direction in which 
a relatively powerful beam will be projected. 
If, however, a source of the same candle-power 
but apparent size, as seen, from 

the projector, be placed at the “focus” of 
the same projector, since its “ intrinsic 
brightness” mnst be 100 times as great to 
make it the same candle-power, the beam 
projected will bo 100 times as powerful, 
always provided the projector is efficient 
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enoTigli to afford a “ complete flash ” in both 
oases. If, however, the second source be 
increased in size while remaining of the same 
“ intrinsic brightness,” no increase in the 
illumination produced in that particular 
direction will take place as a result of such 
increase in size, however great it may be, 
because the same-sized optical system aflfords 
a “ complete flash ” in either case. 

It will naturally be asked, “ Where then 
does all the increased light energy go to, if 
the intensity of the beam remains unaltered 
when a source of much greater candle-power 
is substituted ? ” The answer is that the 
beam projected fills a greater angle, so that if 
thrown on a distant white screen it will 
afford a “ light patch ” of bigger area. For 
all view points on the screen at which the 
optical system affords a “ complete flash,” 
the illumination produced will be the same, 
whether the source be large or small, always 
assuming the same “ intrinsic brightness ” for 
the source. 

It is convenient to investigate projected 
beams by noting the shape and general 
intensity of the “ light patch ” projected 
on a distant white screen, and so it will make 
the argument clearer if the projected beams 
are considered in terms of the light patch ” 
received on a perfectly efficient white screen 
placed at some definite standard distance 
from the projector — a distance that shall 
be very large in comparison with the size 
of the projector. At whatever angle it is 
viewed, such a screen would make the bright- 
ness of the “ light patch ” at any point always 
strictly proportional to the illumination pro- 
duced at that point by the projector. Each 
element of such a screen covered by the 
“ light patch ” would act like a self-luminous 
surface and send out light equally in all 
directions. 

If, instead of the flat screen placed at 
standard distance from the source, a large 
hollow spherical screen of some definite 
standard size be imagined extending all 
round the source with the source at its centre, 
it will be seen that the optical projector, 
whatever it is, can only make use of the light 
energy represented by the complete spherical 
“light patch” oast by the original source 
on this spherical screen. Whatever light 
the optical system can intercept and bend in 
the required direction will be removed from 
the light falling on one part of the sphere 
and added where it is wanted. The most, 
therefore, that any optical system can do 
is to bend the rays of light in such a way that 
all the light energy spread over the whole 
sphere by the naked source is concentrated 
so as to fall only on one small portion of it. 

Evidently, therefore, while optical projectors 
may be designed to produce relatively intense ' 


illumination from sources of small catidlo- 
power, yet the angular size of tlio beam 
projected under such circumstances can only 
be very small. 

If the source were a glowing s]>here the 
illumination produced by it in <wory direc- 
tion would be the same, and if it were de- 
sired to produce from suedi a source by 
optical means a circular “ light patch ” one- 
thousandth of the area of the c()m})loto 
spherical surrounding screen (this would 
correspond to a beam having a seitn-anglo of 
about II or a tt>tal angle of divergence of 
about 7®), then it would naturally follow that 
the most that could bo expected would be that 
the intensity of the beam would 

everywhere l>e one thousand times as great 
as the intensity due to the naked sourc^o alone. 

It would follow, therefore, from what has 
gone before that the front aperture of the 
projector must have at least one thousand 
times the “ apparent size ” of the spherical 
source as seen frtim the screen, since it is 
only by increasing . the “ appanmt size ” of 
the source by optical means to fill this ai>er- 
ture that the increase in illumination can bo 
obtained. 

It is always impossible to collect fn>m all 
round the source, and it is generally only 
convenient to collect from a comparatively 
small fraction of the total aim of the sur- 
rounding sphere. Twenty-five i>er cent of the 
complete sphere, or 60 per cent of the hemi- 
sphere, for instance, is quite good for a 
searchlight. If this percentage only be col- 
lected and it is dosirwl to include just the 
same angle in the projected beam as l>efore 
(viz. 7®), then it would only l>o possible to 
get one-fourth the light in the be>am using the 
same imaginary spherical source and designed 
as before for “ complete flashing.” Tlim 
projector, therefore, would liave to have half 
the previous diameter ; or if the mm 
illumination were desired filling the same 
angle, then the souroo assumed to he of the 
same “intrinsic brightnesH” would have to 
have four times the area, t.e. hav«^ twice the 
diameter. 

Where the optical system is symmetri(*al 
about an axis, the “ angle of colieetiou ” is 
quoted as the angle of the right circulnr cone 
formed by the extreme rays eolle(deti by tlie 
projector. 

To sura up, therefore, from the foregoing 
general considerations, it will Ixs seen that if 
the type of source is given (e.flr. aootylone flame, 
oxyhydrogon limelight, oloetric arc), in other 
words, if the “ intrinsic brightness ” is given, 
then the required intensity in the beam can 
be secured by having the projector big enough. 
On the other hand, a wide angle of divergence 
in the beam will be secured either by collecting 
the light from as large an angle as possible 
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or by employing a source of as large a size as 
possible. Neither of these two latter condi- 
tions, however, affects intensity, which is 
solely a question of making the front aperture 
as large as possible ; it being always assumed 
that the optical system is equally efficient 
in every case as regards its ability to afford 
a “ complete flash.” 

Again, if by any means the “ intrinsic 
brightness” can be increased fourfold, then 
exactly the same beam having the same 
intensity and including the same angle can be 
projected by using a projector one-half the 
diameter in conjunction with a similarly 
shaped source only half as large (its total candle- 
power being the same, since it is assumed to 
have four times the “ intrinsic brightness ”) : 
by increasing the ** intrinsic brightness” 
sixteen times, the whole apparatus could be 
made one-quarter the diameter and yet give 
the same intensity within a beam of the same 
angle, and using a source of the same candle- 
power. 

As those general considerations are very 
important, they will be again summed up 
in the following manner. The factors involved 
in the projection apparatus are : 

A. The “ intrinsic brightness ” of the source. 

B. The size of the source measured by 
area, or its apparent size, at standard distance. 

C. The fraction of total energy of source 
collected by the projector. 

D. The size of the projector, which must be 
measured by the area of its front aperture. 

The resultant “ light patch ” projected has : 

I. Size measured by its area. 

II. Intensity measured by its brightness. 

If one factor alone be varied, while the others 
are kept constant, it may be said ; 

Varying A causes II. only to vary propor- 
tioTiatoly. 

Varying B (jausos I. only to vary propor- 
tionately. 

Varying (/ causes I. only to vary propor- 
tionately. 

Varying 1) causes IT. to increase and I. to 
decrease proportionately to increase in D. 

It should bo notoil that in the above the 
same eflioioncy for the projector is always 
assumed, that is to say, it need not afford 
“ complete flashing ” in every case, provided 
it always affords the same percentage of its 
front aperture flashed. It will be show'n later 
that it is very difficult to increase the angle 
of oollootion of a projector without lowering 
its efficiency, so that when 0 is varied a fresh 
factor is introduced which modifies the above 
result. 

§ (4) Projection AppARATtrs.— The study 
of projection apparatus is now soon to in- 
volve the study of the flashing of incandescent 
sources as viewed through optical devices. 


The directions in which the eye sees things 
through an optical system can be ascertained 
mathematically by what is termed “ ray 
tracing,” .since at every point of reflection or 
refraction’ in the optical system the change of 
direction follows known laws. If. therefore, 
a distant view point be taken and all possible 
ray directions emanating from it be traced 
through the optical system, then for well- 
designed projection apparatus they should, 
after being so traced through the -optical 
system, come, if not to a true point focus, 
yet to a very high degree of concentration 
near the “ focal point.” 

If the ray directions from a distant point 
on the axis of an optical system, traced through 
that optical system, all converge to a “ point 
focus,” then any source, however small, 
which includes that “ point focus ” within it, 
will bo seen from that distant point as 
completely flashed. That is to say, an 
extremely diminutive source placed at the 
“ focal point ” would send a very powerful 
beam along the axis, though it would naturally 
have an extremely small angle of divergence. 
This “ point focus,” however, is impossible 
of attainment, though the ray directions do, 
as a matter of fact, come to a remarkably 
high degree of concentration at the focus of 
woU-designed and well-made apparatus. If 
the smallest possible sphere be described 
surrounding what may be termed the “ focal 
point” so as just, and only just, to include all 
the convergent rays, either intersecting it or 
, just touching it, then this may bo termed the 
“ focal sphere.” 

When the source actually employed in 
projection apparatus is not larger than the 
“ focal sphere,” “ partial flashing ” alone is 
possible, and the theory is rather more 
difficult; also it is extremely difficult to got 
uniform brightness in the “ light patch.” 

In the great majority of cases it is desired 
to project a beam which shall bo symmetrical 
about an axis, and the optical system employed 
is also symmetrical about an axis. In fact, 
the difficulty of making optical devices which 
are not symmetrical about an axis is such 
that when unsymmotrioal beams are wanted 
they are usually obtained by combining a 
symmetrical optical system with a suitably 
shaped source. 

Optical systems symmetrical about an axis 
(in future termed ** symmetrical projectors ” 
for shortness), however complicated they 
may ho and however often the rays passing 
through them may be bent or reflected, have 
the following very interesting proi)erties 
which aro of great value in elucidating the 
theory of their use for projection purposes. 

If a ray PR (Fig, 2) drawn parallel to the 
axis SF of a symmetrical projector be traced 
through the optical system, it must always 




618 


PROJECTION APPARATUS 


on emergence intersect the axis at some point 
P. Again, if the finally emergent ray be 
produced backwards to meet the line of the 



incident ray in R, then the “ apparent width ’* 
of any small source (measure^ perpendicular 
to the axial plane PRF) as seen through the 
projector from P "vvill always be the same 
as the “ apparent width ” of the naked 
source as seen directly from R (taking width 
again to refer to directions perpendicular to 
the axial plane PRF). 

The “ apparent height ” of the source as 
seen from P may be either magnified or 
minified by the optical system as compared 
with the “ apparent height ” as seen from 
R ; but all that can be said for certain is 
that the angular value of the width of any 
small source as seen from P through the 
optical system is exactly the same as the 
corresponding angular width of the naked 
source as seen from R ; the whole “ apparent 
shape ” is similar, but possibly distorted, either 
drawn out or compressed in the direction of 
the axial plane contaioing the “ view point.” 

If P be a point on the front aperture of the 
projector, then the “ light patch ” which would 
be projected if the whole front aperture were 
masked off except a tiny element at P would 
obviously have the same “ apparent shape and 
size ” as the “ apparent shape and size ” of 
the source as seen from P through the projector. 
But this is similar to, and of exactly the same 
angular width as, the “ apparent shape and 
size ” of the naked source as seen from R. 

If the projector is to afford a “ complete 
flash ” throughout the whole of the projected 
beam, every such element of the front aperture 
must project a “ light patch ” which shall be 
coincident with that afforded by the complete 
projector. 

Hence, there are two conditions to be 
satisfled for “ complete flashing ” throughout 
the entire projected beam: first, that the 
parallel ray directions such as PR must for 
all zones of the projector converge to one 
definite “point focus” P; secondly, the 
“ apparent width ” of the source as seen from 
every such point as R must be constant, i.e. 
the length RP must be constant for all zones 
of the projector. 

The point R is conveniently termed the 


“equivalent bending point” for the my PH, 
and all such points will lio on a sTirfacc coaxial 
with tho optical system. This surface may be 
termed tho “ equivalent bemding sxirfao(^” 

From tho above it is evident that two 
conditions to be aatisfic<l by any })rojoct*)r 
designed to afford “c<nnpleto flashing” 
throughout tho whole of the [>r(>jc(deti beam 
are : first, that ray directions emanating 
from a “ point focus ” shall all bo nuidcr<Hl 
accurately parallel to tho axis; secondly, 
that tho “ equivalent bonding surface ” for 
such rays shall bo' a sphere havitig tho “ point 
focus ” as oontro. 

§ (6) Detailed Consideration ok Uhbful 
SoiTBOBS. — It has alroa<ly boim mad(^ <dcar 
that the only way to increase the inUmsity 
of the beam projected from really efficient 
apparatus of given size is to inert^o tho 
“ intrinsic brightness ” of tho source ; and 
hence, sources of tho highest j>osHil)lo “ in- 
trinsic brightness” must bo ohostui for [lowerful 
projectors. 

The subjoined table givers the “ intrinsic 
brightness ” of some well-known sources in 
candle-power per square inch : 


Paraffin fiamo (enolosod in gituw 

ohimtioy) 10 

Aootylono flamo (burning in nir) . 36 

Inoandesoout oil (pctrol(‘uni) with 
mantle ...... 340 

Ordinary tungsten filament (in. mriw) 000 

Oxy-aootylono with pastille (in Messrs. 

Chance’s projectors) . . . 4,600 to 6,7(K) 

Tungsten filament in argon (-06 
watt per candle) .... 7,6(K) 

Tungsten arc or “ Pointolito ” . 13,000 to 10, (KH) 

Tungsten filament in argon (4 watt 

per oandlo) 1 7,000 

Tho crater of ordinary carbon nro . U0,<H)0 

Tho sun at noon, summer, in Pritish 

Isles 000, (KH> 

The sun at zenith * . . . U(KKh(MK) 


Those figures indicat<> how hopelow it in 
to expect to do anything in tlio way of 
projecting beams which the eye can ms at 
considerable distances in bright daylight ex- 
cept by using an an? lamp or a very highly 
overrun (so-oallod) luilf-watt oh^ctrio lamf). 

The obvious difficulty in tho caso of the 
latter source is the awkwardtu'HB of the Hhap« 
of the filament. This can, howev(T, be wound 
as an exceedingly close spiral e(»il, and ho 
made equivalent to a continuouH ineiind(*«eent 
cylinder. 

Tho illustration (FtV/. 3) is from photo- 
graphs showing an actual inean<ie8t’ent filament 
eight times natural size, wouiul so as to form 
two such incandescent cylindrical shapes with 
axes parallel and very close together. 

Both tho “ Pointolite ” and the tungsten 
filament lamp are subject to the great dis- 
, advantage that the glass containing bulb has 
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to bo very large in comparison with the 
dimensions of the source itself. This places 
a very definite limit to the possible proximity 



Fig. 3. 


of any optical device used for projecting a 
beam from the source. Consequently such 
sources can only project beams of small 
divergence, unless “partial flashing’* is 
resorted to and the projector made un- 
necessarily large. Another disadvantage is 
that when used with a reflector placed behind 
the source the glass containing bulb practically 
acts like an opacjne body to the reflected beam, 
and so the only effective part of the reflector 
consists of the outer annulus, the beam from 
which just clears the bulb. 

§ (6) The Paeabolio Rbfleotoe. — The well- 
known property of the parabola, viz. that rays 
Aa, BA, Cc, etc., drawn parallel to the 
axis FX (Fig. 4), are reflected at the curve so 



Fio. 4. 

as to pass through the focus P, makes the 
parabolic reflector the most obvious optical 
clement to employ for projecting powerful 
beams. 

Inventors of special projection devices, 


however, have tended to overlook two 
important considerations, the first being that 
a parabolic reflector with a true point focus 
is a pure mathematical abstraction, and any 
commercially produced parabolic reflector has 
a “ focal sphere ” ^ of very definite and 
appreciable size. 

The second is that the parabolic reflector 
only satisfies the first condition for affording 
a “ complete flash ” with an abruptly defined 
margin; the second condition, viz, that tho 
“ equivalent bending points ” ® shall all bo 
equidistant from the focus, is obviously not 
satisfied by any parabolic reflector having any 
appreciable “ angle of collection.” 

Thus, owing to the rapid increase in the 
focal distances to the points of reflection, as 
the vertex of the mirror is departed from, any 
parabolic reflector used in conjunction with a 
source larger than its “focal sphere” will 
project a beam in which the marginal zones 
will be weak. 

§ (7) The Parabolic Reflector and Elec- 
tric Headlights for Motor-cars. — There is 
a particular type of projector, however, for 
which the parabolic reflector used in conjunc- 
tion with an electric incandescent lamp is ad- 
mirably adapted, viz. the motor-car electric 
headlight. 

What is wanted here is a very wide angle 
beam, but of very much greater intensity 
within a central narrow angle as compared 
with the intensity of the marginal portion 
of the projected beam, and this kind of dis- 
tribution is easily obtained from any parabolic 
reflector having a very largo “ angle of 
collection.” For motor-car headlights the 
“ angle of collection ” is so large that, as 
shown in Fig. 4, the only light not oollooted 
from tho source passes out from the front 
aperture of the lamp and forms part of tho 
useful wide angle beam. 

Tho “ equivalent bonding surface ” ® in tho 
surface of tho x)arabt)lio reflector, and the focal 
distances aF, 6F, cF, dF vary enormously; 
in fact, with the angle oFa/ equal to a right 
angle, tho length gF is neoossarily nearly seven 
times as long as the focal distance ol^ and 
the whole front aperture m' is nooossarily 
more than 91 times this same focal distance. 
But tbo glass containing bulb of the oleotrio 
lamp used has got to go inside tho reflootor, 
and this sots a very definite limit to the 
smallness of Fo, and hence to the possibility 
of keeping down the size of i)oworful headlights 
of this typo. 

To keep down tho size, designers have 
arranged to place tho source low down in 
the bulb, comparatively close to the cap, 
thereby inoroasing the percentage , of light 
lost on tho cap and Also that lost duo to 

^ For definition see 5 (4). 

*IbU. *Xbid. 
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reflections from the bulb, the reflection on going 
slantwise through the walls of the bulb being 
much greater than the reflection when going 
perpendicularly through it. This reflected 
light, hfowever, is not entirely lost to the beam ; 
some of it goes to augment the wide angle 
beam, partly directly and partly indirectly, 
after undergoing a second reflection at the 
parabolic reflector, as shown in Fig. 4. 

Starting from o, therefore, and going round 
the source, it will be seen that first there is 
a fairly large angle over which the light 
energy is absolutely lost on the cap ; then there 
is a zone in which the light energy which gets 
through the bulb on to the reflector undergoes 
reflection at the paraboho mirror, followed 
by glancing reflection on the electric bulb. 
This ultimately gets added to the wide angle 
beam, but it contributes an entirely negligible 
quantity either to the central intense beam, 
or to the relatively fairly powerful beam that 
should closely surround it. It is only when 
the zones at c and h are considered that a 
relatively powerful beam results, since the 
angle within which the projected beam lies 
is so small in comparison with the angle 
around the source from which the “ light 
energy is collected. 

It will, of course, be understood that with a 
source having an “ intrinsic brightness *’ as 
high as 960 candles per square inch, anything 
approaching a ** complete flash,” even confined 
to the very centre of the beam, is entirely 
out of the question. A ” complete flash ” 
in a 10-inoh headlight would mean a candle- 
power in the projected beam of more than 
37,000, even if the efficiency of reflection be 
assumed as one-half. This would produce an 
illumination equal to full moonlight at a 
distance of well over a mile. No effort is 
made, therefore, to confine the filament close 
to one “ focal point,” nor is* the reflector made 
very eioourately so as to afford a very small 
“ focal sphere.” 

As the bending of the rays in this case is 
,done by pure reflection only, the “ light patch ” 
projected by each portion of the reflector is 
identical in “ apparent shape and size ” with 
that of the source as seen from the correspond- 
ing part of the reflector. The ray directions 
drawn in Fig. 4 correspond to the centre in 
each case of the “ light patch,” which will 
obviously be the sum total of a lot of thread- 
like twisted shapes corresponding to aU the 
different views of the filament as seen from 
Otf hf Cf etc. 

Obviously the zone at a is responsible for 
a narrow angle beam, that at b for a wider 
angle beam, and so on in the inverse proportion 
of the focal distances aF, 6P, etc. 

Commercially obtainable reflectors do not 
cause rays emanating from a “ point focus ” 
F to form a parallel beam after reflection. 


They have small errors of shape which cause 
the ray directions to vary wdthin small 
Umits, and provided those limits are kept 
well within the angular value of the central 
intense beam (about 0°) no real harm results. 
These irregularities simply further confuse th e 
superimposed images and cause the refleotora 
to be less sensitive to displacements of tho 
source from the theoretical focus. 

Defective shape is not responsible for the 
poor performance of many oleotric headlights 
seen on the road, but imperfect focussing, or 
location of the source altogether outside the 
true “focal sphere.” Displacement of the 
source in an axial direction may result in a 
hollow beam, there being no light from the 
reflector in the central part at all. 

Displacement of the source perpendicular to 
the axis, causing an ex centric position of the 
filament, affords an extremely unsymmotrioal 
“ light patch ” with a very big halo all on one 
side. 

To. take a concrete instance: an ordinary 
candle-power for the bulb of a 10-inch electric 
headlight is 24. Allowing for light lost on 
the cap, the parabolic rcflo(5t()r can bo dosigneci 
to collect about 70 per cent of the total lights 
energy emitted, and under fair average condi- 
tions it can be assumed to reflect 40 per oon.f> 
of this. Thus, about 28 per cent is transmitted, 
to the beam, and if one-quarter of this is 
aoco\mted for by the central 7® wide boana,^ 
and the remaining three-quarters by tha 
wide angle beam up to a limit of 40® on cither 
side of the axis, it can be aHHortod that tha 
candle-power in the central beam will average 
about 1600, and the mean candle-power in 
the wide angle beam will bo about 32, as pro- 
duced by the reflector, to which, of cemrse, 
must be added the 24 due to the naked source, 
making a total mean oandlo-powcr in the wido 
angle beam of 66. This represents quite good 
practice. .From the figure quoted for tho 
candle-power corresponding to a complet© 
flash in a 10-inch headlight it will bo seen that, 
even in the most powerful part of the beani, 
this 10-inoh headlight will only afford about 
6J per cent of a “.complete flash.” Th© 
dazzle effect of such an intensely bright souroo 
as the inoandoscent filament is responsible 
for the illusion that the whole aperture of 
a good eleotric headlight is filled with a 
“ complete flash ” when viewed axially from 
in front. By looking at it with a good 
telescope, provided with an optically worked 
dark glass, it will be found that only twisted 
thread-like lines of brightness are scon on 
the surface of the reflector. 

The electric headlight, therefore, with para- 
bolic reflector is an example of a projector 
with a quite large “focal sphere” affording 
only very “ partial flashing,” -with a compara- 
tively open spiral coil of incandescent filament 
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confined, when properly adjusted, within the 
“focal sphere.” The parabolic reflector is 
carried out to include an “ angle of collection ” 
of something like 240® to 270®, and the large 
forward end of the reflector is responsible 
for the intense narrow angle central beam, 
the middle zones for the less intense beam 
immediately surrounding it, and the back part 
of the reflector behind the bulb is responsible 
only for scattered light, forming in association 
with the naked source and reflections from the 
glass containing bulb the marginal wide angle 
beam. 

§ (8) The Parabolto Beflbotor and 
EDBOTR to SsAROHLiaHTS. — Searchlights form 
perhaps the most typical instance of projection 
apparatus, since it is the function of a search- 
light projector to produce the most powerful 
distant illumination in a predetermined and 
controllable direction. 

To do this a source of the highest possible 
intrinsic brightness has to be employed, us^ 
in conjunction with a highly efficient parabolic 
reflector, made as large in aperture as possible, 
and of as high an efficiency as possible. 

This means the combination of an arc light 
with a gl(ts8 parabolic reflector silvered on the 
back according to the plan shown in Fig. 6. 



The carbons C, C' are shown disproportion- 
ately large, but it will bo noticed that the 
parab(}lic reflector is carried out to ah “ angle 
of collection” of about 120% and this enables 
fully 70 per cent of the total light energy 
emitted by the arc to be collected by the 
mirror. There is no practical advantage to be 
gained by trying to exceed this “angle of 
ooUeotion,” even if such a mirror could be 
made to stand the heat of the arc. The 
negative carbon 0' has its conductivity, 
artificially increased, and is made as sm^l 
in cross-section as possible, so as to keep its 
central shadow, hh' on the mirror, of minimum 
size, and for the same reason the arc is made 
as long as is practicable. 

To obtain the great intensity required by 


modem searchlights, the diameter aa* of the 
front aperture is made in some cases as large 
as 60 inches, but the difficulty of grinding 
and polishing, with the necessary accuracy, so 
large a parabolic shape is so great that there 
is a tendency for such large projectors to 
give disappointing results in comparison with 
the more usual size of 36 inches. The st^dard 
focal length for a 36-inch mirror is 17 inches, 
and this corresponds to an angle of collection 
of 110°. A useful source to employ with such . 
a mirror would be an arc having a IJ-inch 
diameter positive carbon, rated to consume 
150 amps, at 60 volts. The brightest part 
of the crater on such a positive carbon would 
be limited to a diameter of less than ^ inch. 
With a source of this size, it would mean that 
the central zones of a perfect parabolic 
reflector nearest to it would project a beain 
of about IJ® and the outer zones a beam of 
about i° angular divergence. The central 
crater would have an intrinsic brightness of 
about 100,000 candles per square inch. The 
mean spherical candle-power wjthin the 
angle of collection of such a source would be 
about 18,800 candles, and if the whole a!pertwre 
of the mirror were flashed with the inirinsic 
brightness of the crater the resultant candle- 
power would be more than 100 million. But 
this 100 million is reduced by obstructions 
such as the negative carbon and the carbon 
supports and holders. It is also reduced by 
the losses on going through the mirror, the 
colour of the glass, which is quite important 
in such large mirrors, and the imperfect 
reflective power of even the best glass silvered 
surface. It is also necessary to protect the 
arc from the effects of wind ; and to do tMs 
the front of the projector is glazed with 
parallel strips of glass. This gives rise to 
further light losses, and, taken in the aggregate, 
it can be demonstrated that in actual practice 
such transmission losses cannot be less than 
4:0 per cent, and may very well be considerably 

more. . . 

This would give a maximum possxble mten- 
sity of 60 million candles in the projected 
beam, provided the diameter of the focal 
sphere afforded by the mirror was really 
considerably less than the half -inch ^ which 
is the approximate diameter of the intense 
central crater on the positive carbon. Such 
accuracy, however, is not attained in practice, 
and in consequence the whole unobstruo^d 
aperture of the projector is not filled with a 
flash corresponding to the contra! crater, but 
parts of it are flashed with a brightness 
corresponding to the surrounding glowing 
carbon, which is very m>uch less bright. Local 
errors in shape increase the divergence of the 
projected beam. In practice they about 
double the value of the maximum divergence 
already obtained from purely theoretical 
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considerations, and further reduce the intensity 
of the brightest parts of a carefully focussed 
beam to something like 30 to 40 million 
candles. Imperfect focussing may still further 
reduce the intensity of the projected beam, 
and correspondingly increase the divergence. 
As a matter of fact an intensity of 60 million 
candle-power for a 36-inoh searchlight has 
been actually exceeded in practice, by employ- 
ing specially treated carbons for which an 
intrinsic brightness of 200,000 candles per 
square inch has been attained. 

It is often stated that the high figures 
quoted for the candle powers of searchlights 
are meaningless, because the candle-power is 
so completely dependent on the state of the 
atmosphere. Since candle-power represents a 
rate at which light energy, is sent out from a 
source per unit of solid angle, it can have 
nothing to do with the state of the atmosphere. 
These fallacious notions are aU due to the fact 
that it is not practicable to compare a search- 
light with the 30 or 40 million candles to 
which (in. a predetermined direction and at 
sufi&oiently great distances) it is undoubtedly 
equivalent, whatever the state of the 
atmosphere. 

The state of the atmosphere only comes in 
when the illumination produced at a very 
great distance from a searchlight is compared 
with the illumination produced quite close 
to a small standard source. It would be 
very much better if manufacturers of search- 
lights would give definite guarantees as to 
what the actual size of the “ focal sphere ” ^ for 
their mirrors was, under running conditions, 
and also their transmission losses. These 
readily measurable quantities give the best 
criteria for comparing the efficiency of one 
projector with another, quite apart from arc 
efficiency. 

Another fallacy to be disposed of in connec- 
tion with searchlights is the oft -repeated 
statement that the ideal really aimed at is a 
perfectly parallel beam projected from a point 
source. The idea is that such a beam would 
afford constant illumination at aU distances, 
and the divergence of the beam of any practical 
searchlight is taken as a measure of its ineffi- 
ciency, because it leads to the falling off in 
illumination according to the iuverse square 
law. 

It is evident that any efficient projector 
must produce a complete flash at all useful 
long ranges, and hence as the range in any 
predetermined direction is increased, the 
falling off in illumination must follow precisely 
the same laws as would hold for the equivalent 
candles of that flash, whatever atmospheric 
conditions prevaiL 

Constant illumination from a parallel beam 
at varying ranges requires the use of a source 
‘ Por definition see § (4). 


suitably focussed and sufficiently small to 
afford a partial flash of constant “ apparent 
size.” This involves carrying paxtial flashing 
to an absurd limit. 

In all that has gone before, the range has 
been assumed to be great in relation to the 
size of the projector ; in fact, the whole theory 
has been built upon the assumption tha,t the 
distant view points considered aio sxich that 
ray directions from thorn form a system of 
practically parallel rays over the whole front 
aperture of the projector. 

Searchlight projectors, however, are so large, 
and the sources used in them so relatively 
small, that it is quite easy to take fairly 
distant view points, the ray directions from 
which form an appreciably divergent system 
when taken over the whole aperture of the 
projector. Obviously, the theory breaks 
down as soon as the doixarturcs from parallelism 
are such that a percentage of the rays, when 
“ traced ” through the projector to the 8t)ureo, 
miss the source altogether instead of ending 
upon it. 

The “ focal sphere,” how'over, corresponding 
to such fairly distant view points is practically 
identical in size with the true “ focal sphere ” 
corresponding to very distant view' points; 
but its position is displaced towards the view 
point by a very small amount. 

Thus, all the characteristics of the “ light 
patch ” on a far distant screen can bo repro- 
duced on a much nearer screen simply by 
focussing, i.e. by displacing the position of the 
source by the necessary small amount to 
correspond with the displaeod position of the 
“ focal sphere.” 

Eor all ranges outside 1000 yards the focus- 
sing displacement for a 30-inch projector is 
negligible, but to focus on an object at 400 
yards’ distance requires slightly lc«8 than 
g^-inoh focussing displacement of the arc. 

Thus, the figure of 30 to 40 million candles 
found for the beam from a 30-iuch s<^archUght 
still holds for comparatively near view points 
if the carbons are properly focuHWHl, but in 
this case the beam, leaving the lip <»f the 
projector as soon by the operator, may very 
well be convergent 

The beam taken as a whole, however, is 
not convergent, for the rays cross over after 
passing the point focussed upon, an<l form a 
rapidly divergent beam (MjrreHpontUng to 
partial flashing at all really (listant view points. 

As regards the angle of the beam actually 
projected by practically useful 8oar(dilights 
for long-range work, it usually lies b<‘twcon 2** 
and 3®, and anjrthing loss is not of very much 
use for searching for objects even at extreme 
ranges. At throe miles range the liglxt 
patch produced by a 3® beam is about 801) fexjt 
in diameter. For comparatively near ranges, 

: however, this angle of divorgenoo gives too 
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small a width to the light patch projected; 
consequently, vertical cylindrical elements are 
fitted to the front window of the projector. 
The beam traversing these cylindrical elements 
is spread out evenly in a horizontal direction 
so that the horizontal angular width of the 
beam is greater than the vertical angular 
width by the divergence due to the cylindrical 
lenses. The cylindrical elements may have a 
divergence of as much as 30°, and if this were 
applied to a 3° beam the resulting intensity 
would naturally be reduced to at least a tenth 
of its normal value. Instead of affording a 
complete flash, each cylindrical lens would only 
show a vertical strip one-tenth of its width 
flashed ; the position of the flashed strip mov- 
ing across each cylindrical lens from one side to 
the other as the view point traverses the beam. 

§ (D) The Parabolic Reflector and 
Electric Signallino Lamps. — ^What is desired 
in a signalling lamp is to direct an intermittent 
beam from a person A to a person B so that 
while B receives a series of flashes as few 
other people as possible shall receive them. 

Obviously everybody in the line AB pro- 
duced who has an unobstructed view of A 
must see the flashes, but if the beam projected 
has a very small divergence, few people 
outside the line AB may see anything of the 
signalling. At first sight this would appear to 
call for the perfectly parallel beam affording 
a “ light patch ” equal in size to the front 
aperture of the signalling lamp. It is not 
so, however, because A who is sending the 
signal has to aim his beam at B by means of 
some sighting device, and it is impossible 
to aim a beam with mathematical accuracy. 
When all the possible errors in the lamp 
are taken into account — errors due to a 
slightly displaced source — personal errors of 
the man misjudging his aim — errors due to 
the uncertainty of the precise location of B 
and vibration effects due to wind, etc., it 
will bo found that a certam definite though 
quite small angle of divergence in the beam 
is required (possibly only 1°). If the signalling 
lamp instead of being clamped to a stand is 
hold in the hand, and so aimed, it will have to 
afford a very much wider angle of divergence, 
say 4°, and if it is to be used as a hand lamp 
on board ship or on aircraft it must have an 
angle of divergence of at least 6°. to be sure 
of keeping B within the flash. 

For such a lamp, a so-called half -watt 
electric bulb (tungsten filament incandescent 
in argon) is a very convenient source. This 
must bo worked at a very high efificienoy if 
any considerable range is to be afforded in 
daylight 

As would be expected, there is an upper li mi t 
to the size the projector can have, and if a 
parabolic reflector is to be used it must only 
be carried out, as in Fig, 6, as far as the 


lotus rectum. That is to say, the source 
(which is at the focus F) must be in the plane 
AA' of the front aperture, as the foUowing 
consideration will show. 

It has been shown that the front edge AA' 
of the reflector projects the narrowest beam, 
and with a spherical source the apparent 
size of the “ light patch ” projected from this 
front edge is the same as the “ apparent size ” 
of the spherical source as viewed from any 



Fig. 6. 

point on it. This apparent size is greatest 
when AF is least, i.e. if the diameter A A' is 
given, F must be in the plane of the circle AA.'. 

Of course, the incandescent filament cannot 
be wound so as to simulate a continuous 
incandescent sphere, hut a very close axial 
spiral coil (two such coils being shown in 
Fig, 3) will do, if its diameter is made large 
enough to afford the necessary minimum 
angle required for the signalling beam, and its 
length be made long enough, so that the view 
of the coil as seen from the inner edge BB' of 
the annulus actually used for flashing the 
signal, shall just not show any black centre 
due to looking right through the axial in- 
candescent cylinder formed by the filament. 
For reasons already pointed out, the parabolic 
cap BB' is practically useless owing to the 
obstruction presented by the bulb CO'. 

For larger and more powerful signaJling 
lamps the electric arc is the best source to 
employ on account of its very high intrinsic 
brightness ; and electric searchlights, especi- 
ally in the smaller sizes, are fitted with shutters 
whereby the beam can be almost instantane- 
ously occulted so as to permit of their being 
used as daylight signalling lamps. 

Since the outer edge AA' of the reflector is 
twice the distance from the source that the 
vertex is, there is a tendency for the beam 
corresponding to complete flashing to be half 
the angular width of the whole beam projected. 
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Such a condition is wasteful since the signalling 
beam should be equally intense all over, within 
the limits imposed by aiming considerations, 
and of zero intensity outside that limit. To 
secure this, however, it has been shown that 
it is necessary that the “ equivalent bending 
surface ” ^ (which in this case is the parabolic 
reflector itself) shall be a sphere with F as 
centre. 

§ (10) The Mangin Mirror for Head- 
lights. — The Mangin mirror is shown in Fig. 
7, and is a good example of an optical element 
where the “ equivalent bending surface ” ^ for 
parallel axial rays can be made approximateli/ 
spherical with the focus as centre. 

Eays AjEi, Ag Bg, AaBj, etc. (Fig. 7) 
parallel to the axis Aq Bq Co are refracted at 
the first surface Bi, Bg, Bg, etc., the outer 
rays being very much more strongly bent 
outwards than the inner rays, in such a manner 



that after reflection at the back of the lens 
mirror at the points C^, Cg, Cg, etc., they pass 
almost normally through the first refracting 
surface again at points Bj, Dg, Dg, etc., i.e. 
they concentrate after reflection to a point F 
not far removed from the centre of the first 
surface. An examination of Fig, C will show 
that the “ equivalent bending surface ” 
determinea by the points Rg, Rg, etc., 
approximates to a sphere with F as focus. 

It is not surprising, therefore, that such a 
lens mirror affords an extremely abruptly 
defined “ light patch ” when used in conjunc- 
tion with any small axial disc source with its 
plane perpendicular to the axis of the lens 
mirror. The “ apparent size ” of the “ light 
patch ” projected is the same as the “ apparent 
size ” of the disc source as viewed from the 
vertex Rg of the “ equivalent bending surface.’’ 
(This is situated on the axis somewhere within 
the central thickness Bq, Cg of the lens mirror.) 

* Tor definition see § (4). 


For maximum efficiency it is necessary to 
design the lens mirror so that Rq is as near 
to the focus F as the aperture of the mirror 
permits. As in the case of the parabolic 
reflector, maximum efficiency is only attained 
by contriving that the plane of the front edge 
B'l of the mirror should contain the focus 
F, but this is not practicable. It is easy, 
however, to make the angle 1)^, F, 1)^' as big 
as 130® or even 140°, and still afford an 
extremely well-defined “ light patch ” from 
any small flat source, and the loss, of course, 
is not great, because, unlike a spherical source, 
the flat disc source sends out loss and loss 
light at any considerable inclination to the 
axis ; in fact, an infinitely thin flat disc source 
would send out no light perpendicular to the 
axis because, when viewed in that direction, 
it has no “ apparent size.” The useful 
“ angle of collection ” of 140° is too great for 
such sources as acetylene flames, 120° being 
about the limit of safe working owing to the 
tendency of the hot gases rising from the 
flame to crack the edge of the mirror. The 
combination of a Mangin mirror, however, 
with an angle of collection ” of about 120°, 
and a good flat acetylene flame at its focus, is 
a very effective piece of j)rojootion apparatus 
for projecting a wide angle beam of uniform 
intensity. Until the introduction of the 
electric headlight, this wtvs the combination 
most in favour for motor cars. A lens mirror 
with a 10-inoh flashing aperture would afford 
a candle-power in the beam oorrosponding 
to “ complete flashing ” of 1700, assuming 
60 per cent reflective efficiency, and with a 
36 oandle-powor flat circular flame, i,e. of 
1 square inch in area, and an “ angle of 
collection” of 120° for the mirror, this will 
be spread over a total angle of nearly 13° in 
the projected beam, 

§ (11) The Mangin Mirror for Sionalung 
Lamps. — As has already boon shown, signalling 
lamps require to project a much more powerful 
beam than motor-car headlights and confined 
to a much narrower angle. The acetylene 
flame has to bo discarded, therefons and 
something like a “ complete flash ” afforded 
with a Mangin mirror uflo{l in conjunction 
with a high - efficiency tungsten filament 
incandescent in argon. The condition to be 
satisfied is that everywhere within the narrow 
angular limits imposed for the signalling 
beam the ray directions traced from the 
observer’s eye through the Mangin mirror to 
the focus shall terminate on incandescent 
fllamont. 

For an axial “view point” any annular 
zone of the Mangin gives a cone of rays which 
accurately concentrate to a point on the axis. 
The variation of the position of this point is, 
in a well-designed Mangin mirror, very small 
indeed, though not small in relation to the 
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dimensions of a really closely-wound incan- 
descent coil of reasonably small candle-power. 
The smallest possible electric source that will 
give a “complete flash” for an axial view 
point of any particular Mangin mirror is there- 
fore seen to be a closely-wound axial coil 
surrounding that short length of the axis 
within which the “focal points” for all the 
different zones of the mirror lie. 

In such a case the angular limit of the 
beam is determined by the “ apparent size ” 
of the diameter of the coil as seen from the 
vertex of the “ equivalent bending surface ” 
(a point situated somewhere within the central 
thickness of the mirror). 

It should be noted that, as has already 
been shown, the flash is not complete except 
in the annulus surrounding a central area 
equal to the diameter of the electric bulb, 
and this useful annulus must be such that 
from no point on its inner edge shall it be 
possible to look right through the incandescent 
cylinder formed by the source. 

A well-designed Mangin mirror with a 
small axial coil conforming to the above 
condition affords the most efficient portable 
signalling lamp for daylight work, as the 
following considerations wiU show. 

A suitably designed Mangin mirror of 6 
inches clear flashing aperture and with 130® 
“ angle of collection ” can be manufactured 
so that its “ focal sphere ” ^ is less than *06 inch. 
Thus with such a mirror an axial coil ‘1 inch 
long and -04 inch diameter will afford a 
“ complete flash ” in it. The coil when 
viewed from its side has the “ apparent 
shape” of a rectangle *1 by -04 which equals 
in area -004 square inch. 

Assuming an “ intrinsic brightness ” of 

16.000 this would give a candle-power of 60, 
which can be quite safely confined within a 
2-inoh-diameter containing bulb. This means 
that an annulus having an area of over 26 
square inches will be flashed with an “ intrinsic 
brightness ” of say 9000 (aUowing 60 per cent 
transmission efficiency for the mirror), and a 
maximum candle-power in the beam of over 

225.000 will be obtained. Thus it is evident 
that a well-designed small electric signalling 
lamp can be made greatly to excel the 
intensity produced by a relatively much larger 
motor-car electric headlight. 

§ (12) The Mangin Mirror for Searoh- 
IjIGHTS. — Prom the table of “ intrinsic bright- 
nesses ” already given, it is evident that, even 
when full aUowance is made for the effects of 
bulb obstructions, an oxy-acetylene projector 
would have to be made about twice as large as 
a high-efficiency projector with half -watt focus 
electric lamp, to afford the same range. In 
spite of this disadvantage as regards the 
relatively low “intrinsic brightness,” the oxy- 
^ For deffnition see § (4). 


acetylene-cum-pastille is found to be a very 
useful source for larger units starting at 12 
inches in diameter up to say 2 feet in diameter, 
for the reason that when a total candle-power 
in the source of about 160 to 200 is exceeded, 
all the essential conveniences of the electric 
incandescent fllament lamp begin to disappear. 

It is the great advantage of the Mangin 
mirror that the surfaces are spheres and these 
can be polished true to shape with extreme 
accuracy. It is quite impossible to polish a 
parabolic shape to the same accuracy. That 
is why for the smaller units, where the thickness 
of the glass does not matter, the Mangin mirror 
is preferred to the glass parabolic reflector. 

Taking a medium size of 20 inches in 
diameter, it is easy to design a Mangin mirror 
of this diameter with an angle of collection 
of about 127® whose “ focal sphere ” ® (after 
making full allowance for colour dispersion 
and errors of manufacture) shall be less than 
•2 inch. 

This 20-inoh mirror used in conjunction 
with a pastille *8 inch in diameter would 
(assuming 60 per cent for its transmission 
efficiency and 6000 candle-power per square 
inch for the intrinsic brightness of the pastille) 
afford a beam whose maximum intensity 
would exceed 940,000 candle-power, and whose 
angle of divergence would be nearly 6®. 

As has already been pointed out, however, 
for the largest and most powerful signalling 
lamps the electric arc must be used, and 
though the Mangin mirror is a convenient 
optical element to employ for the smaller 
projector, for the 24-inoh sizes the thin glass 
silvered parabolic reflector is the most efficient, 
and from what has gone before it is evident 
that a beam having a maximum intensity 
of something like 15 million candle-power 
should be given by a 24-inch searchlight, 
oven after making allowance for the obstruc- 
tion due to the shutter employed for signalling. 

§ (13) The Condenser Lens. — When a lens is 
used to bend the directions of ray paths rather 
than to produce imageSf it is termed a “ con- 
denser lens.” Such condenser lenses usually 
consist of very deeply curved plano-convex 
lenses, either taken singly or in pairs, with 
their flat surfaces outside and their curved 
surfaces adjacent. Fig, 8 shows the more 



Fig. 8. 


usual sections of single, double, and triple 
condenser lenses with their associated foci 

E3, 

■ For definition see § (4). 
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In each case, however, ray directions drawn 
parallel to the axis are not bent to a true 
** focal point ” or even anything approximat- 
ing to a point, but the outer rays are more 
strongly bont than they should be, with 
the result that in every case the condenser 
system is found to possess a comparatively 
largo focal sphere.^ 

In fact, a 4-inch diameter single condenser 
lens having an angle of collection of only 
GO® would have a focal sphere of 4 inch in 
diameter as contrasted with a Mangin mirror 
which could be made of the same diameter 
with double the angle of collection and having 
a focal sphere of only -03 inch. 

For this reason a condenser lens is a bad 
and inefficient optical device for projecting 
a powerful beam of moderate divergence from 
very small bright sources. 

Railway signals, however, afford a good 
example of the successful employment of 
simple condenser lenses giving wide angle 
beams of moderate intensity from relatively 
large and low-intensity flame sources. 

The condenser lenses fitted to pocket flash- 
lamps are not in any sense focussed, and 
as their flashing is so imperfect, they hardly 
fall within the category of projection apparatus. 

One of the most important uses of condenser 
lenses, however, lies in connection with the 
projection of images of transparent objects on 
a screen. 

§ (14) Lantern Projeotion op Images on 
A Screen. — The less usual form of lantern 
projection, viz. the projection of solid opaque 
objects in their natural colours, will be 
considered first, because it is the simplest in 
theory (though the most difficult in practice). 

For the sake of simplicity it will ho assumed 
that a sheet of perfectly white paper is laid 
horizontally at AB {Fig. 9) on which perfectly 
black letters are printed. The lens 0 placed 
at a suitable focal distance vertically above it 
will, in conjunction with a 46® mirror I), project 
’ an image A'B' of AB on to a vertical screen as 
indicated. 

The 46® mirror is needed, because otherwise 
the image projected would ho laterally inverted 
and the letters would be unreadable except 
fre-ym behind the screen. 

The imago will only be visible if AB he 
sufficiently strongly lit and the room ho 
darkened so as to shut off all extraneous 
light from the screen A'B' except that coming 
from the lens 0, 

To illuminate AB sufficiently strongly, two 
sources S and S" may be imagined placed on 
cither side of it and as close to it as possible, 
giving an average illumination on AB of 
20,000 foot candles. 

A good “ angle of collection ” for the lens 
C would be 14®, which corresponds to a lens 
^ Por doffnition see § (4). 



that if the perfectly white parts of AB scatter 
ail the light roooivod equally in all directions, 
the flash in the lens C corresponding io suth 
a white part will have an “ intrinsic bright- 
ness” of 20,000/905 candles per square inch 
If no transmission losses are tissuined. 

Now if the area illuminated on the screen 
is one hundred timos the area of A.U, then the 
apparent diameter of the flash seen in the lens 
from A'B' will be ono-tonth the “ apparent 
diameter ” of the aperture of the lens tis seen 
from AB, i.e. it will be *3 ituh(« dianieUjr at 
12 inches’ distance. The area of a -3 diameter 
oirolo is about *0707 square in<5hes,and if a tratis- 
mission efficiency for the Ions (land mirn>r I) of 
60 per cent bo assumed, the illumination of tlm 
screen A'B' corresponding to jierfertly white 
parts of AB is seen to be 12,(K)()/l)l)5 >; (*0707) 
foot candles. 

This is equal to about '94 foot candles, and 
shows how poor the result is, even with an 
illumination of 20, 000 foot candlc^s at Alt. 

For projecting a transparent ohjo(‘t, how- 
ever, the illuminant can bo used in a much 
more economical manner ; for if a Houn*(^ S 
{Fig. 10) in conjunction with a condenser P 
(usually two plano-convex lenses Hrrang(*d as 
in the figure) be so arranged on the axis of the 
projector Ions 0 so that the imagtt the 
source produced by P is concentrat<*d within 
the lens aperture, it is obvious that any 
transparent object placed Ixitween 0 and P 
will, from the point of view of the image of H 
within the lens aperture, flh<nv its clear parts 
as of the same “ intrinsic brightness ” iis the 
source S (as seen flashed in the condenser P). 
Hence, a lantern slide placed upside down at 
AB, and so that any lettering on it is readaldc^ 
from the same side of it as the condenser V, 
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will bo projected by the lens 0 so as to be Fig, 11 is drawn corrootly to scale one- 
the right way up and with readable lettering tenth actual size, and the upper view shows 
provided the focal planes are properly adjusted, the general nature of the beam projected by a 
But in this case the brightness of perfectly double plano-convex condenser P of 4 inches 
transparent parts of AB is the “intrinsic clear aperture from, the crater of an arc S 
brightness ” of the source S as flashed in the J inch in diameter placed 3 inches behind 
condenser lens, which, of coftrse, is very much the rear surface of the condenser P, producing 
greater than that of any illuminated white a minimum cross-section in the beam at AB 
sheet. * (termed the “ waist ”), of 

IJ inches in diameter, 12 
inches in front of the con- 
denser. The lower view 
shows the beam leaving 
the aperture AB, also the 
beam leaving the lens C 
when these are interposed. 

The lens C for project- 
ing the image is shown 
diagrammatioally, indicat- 
ing the, clear aperture of 
the lens elements available 
for transmitting the beam, 
only when very large magnifications are The aperture of the-extreme rear lens D nearest 
attempted are lenses of large aperture with the gate AB is assumed to be IJ inches and 
the most intense sources needed. situated 4 inches in front of AB, the total 

^ Such a case, however, is furnished by the length of the lens C being assumed as 2 inches, 
cinematograph projector, where a picture It is necessary that the “waist” should 
approximately the size of a postage stamp has have a diameter so much in excess of that 
to be magnified so that its area is increased req^uired to cover the film picture because 
more than forty thousand times. This, of of the tendency of the arc to shift its 
course, calls for the most intense source position in a variable and uncertain manner ; 
available, viz. the electric arc. also the illumination of the marginal por- 

§ (16) The Cinematograph Projeotor.^^^ — tions of the “ waist ” cannot be made as 
Since the cinematograph projector must be bright as the more central portions, 
placed in a fire-proof 
chamber at the back of 
the building, its distance 
from the screen is neces- 
sarily great, and in 
modern picture - houses 
90 fedt is quite usual. 

Taking this distance of 
90 foot, the width of the 
picture shown should be 
at least 17 feet, which 
is 218 times the width 
of the film picture and 
requires the projector 
lens to have a focal 
length of about 6 inches. 

A rapid projector lens of this focal length It is evident that in no other position 
might be assumed to have a clear aperture of in the ’ beam can the film be so intensely 
1-J inches. Thus, the film picture is actually illuminated as when situated at the “ waist,” 
smaller than the lens used for projecting it, and this position ensures that all except the 
and its area is barely four times ihat of the marginal parts of the film picture receive a 
crater of the arc used as the illuminant. “ complete flash ” from the condenser. 

Lantern slides have been standardised, so that Consider a small pinhole placed centrally 
a 4J-inoh diameter condenser will easily cover at AB on an otherwise opaque film. The 
them, and though the problem of the cinemato- beam from the condenser P passing through 
graph projector is so different from that of the this pinhole vrill cover a IJ-inch diameter 
ordinary lecture lantern, yet hitherto the same- circle on the back lens D of the projector 
sized condenser lenses have always been used, lens, and hence will all be collected and 
‘ See article Kinematograph.” transmitted to the screen. If the pinhole 
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be displaced away from the centre, the circtilar 
area intercepted by the beam passing through 
it on to the back lens D moves away from the 
centre so much that a position is very soon 
reached in which the projector Ions C fails to 
collect all this light, so that some of it is 
lost. This loss, however, only affects the 
marginal portions of the picture. 

On the screen the central pinhole will be 
shown as a white spot, whose diameter will 
be 218 times that of the pinhole. Since all 
the light passing through the condenser P 
to this pinhole also passes through the 
projector lens 0 to the screen, it follows that 
the apparent diameter of the flash seen in the 
lens 0 from the screen must be -yl-g of the 
apparent diameter of the flash seen in the 
condenser lens P from the film picture AB. 

Thus the illumination of the centre of the 
screen, in this case corresponding to the whitest 
parts of the picture, is that produced by a 
circle inch in diameter (i.e. *000204 
square inch in area) at a .distance of 1 foot, 
shining with an intensity of the intrinsic 
brightness of the arc as reduced by the 

BL 


from ordinary lantern projection than the cine- 
matograph projector. Obviously if the linear 
magnification aimed at is, say, 500 times, the 
object enlarged can only be very small. But 
since the apparent diameter of the flash as 
seen from the screen in the projector lens is 
only 1/500 of v^at it is as soon from the 
object in the condenser lens, this class of work 
calls for a big angle of convergence from 
condenser lens to the imago of the arc on the 
object, and a correspondingly big angle of 
collection for the projector lens employed. 
The imago of the arc produced by the con- 
denser lens need not bo largo, especially in 
view of the fact that the field covered by a 
wide aperture projector lens is small. Conse- 
quently the arc need not be placed so close 
up to the condenser as in cinematograph 
projection, and a good microscope objective 
serves very well as a projector Ions. The arc 
not being close up to the condenser makes 
it possible to use an elaborately designed 
condenser which will afford a complete fiash 
of the hottest parts of the crater even for the 
large angle of collection of a good-quality 



transmission losses of the whole projector 
system P and C and the film at the “ gate ** 
AB. The mean “ intrinsic brightness ” of 
the flash may easily fall below 35,000, allow- 
ing for the obstruction of the negative carbon 
and parts of the condenser not being flashed by 
the intense central crater of the arc. Multiply- 
ing this figure by the above area of -000204 
square inch the illumination of the screen is 
obtained expressed in foot candles, viz. 9 J. 

This result, however, neglects the effect 
of the shutter employed to out off the beam 
whilst changing from one picture to the next. 
The shutter is periodically interposed where 
the beam passing from the lens C to the screen 
is narrowest. This occurs at the image EP 
of the aperture of the condenser P in the 
lens C, and in the case under consideration it 
would be about 6 inches in front of it. 

The period of oooultation makes the effective 
iUumination on the screen at the most only 
60 per cent of what it is with the film stationary 
and the shutter open. Thus with an ordinary 
carbon arc 3 inches behind a 4-inoh diameter 
condenser the illumination on the screen 
corresponding to perfectly transparent parts 
of a moving picture should be 6 J foot candles. 
This would give a good bright picture in a well- 
darkened room. 

§ (16) PBOJiaTioN OF Microsoopio Objbots. 
— This is simply one stage further removed 


microscope objective. This condition is not 
satisfied by ordinary condensers, and this 
explains why the satisfactory projection of 
highly enlarged views of microscopical subjects 
involves the careful design of the condenser 
as well as the projector Ions used in conjunction 
with it. 

§ (17) Scale -READ iNa Projkotton for 
SBN smvE Instruments. — Under thirf head 
must be classed sensitive galvanometers, and 
all instruments where the angular rotation of 
the recording element in the instrument is 
used to make a mirror turn through an angle 
and so cause the imago of an illuitUnated 
mark to move through a relatively large 
distance on a screen with the letvst possible 
moment of inertia in the moving part^ of the 
instrument. 

The most usual arrangement is shown dia- 
grammatically in Fig. 12, and consists of a 
source S placed behind a condenser lens 0, 
so placed that the imago of the source (or 
more correctly the “ waist of the beam 
projected from S by 0) falls on the concave 
mirror M, which is necessarily made exceed- 
ingly thin and of minimum weight, while a 
thin opaque vertical line traced on the flat 
side of C forms an imago of itself on the 
scale L (supposed perpendicular to the plane 
of the paper). The condenser lens 0 and the 
scale L are generally placed equidistant from 




PROJECTION APPARATUS, THE STUDY OF— PYRAMIDAL ERROR 529 

the mirror M, whose radius, therefore, is made The projector for providing the index mark 
equal to the scale distance from noirror M to focussed on the scale L, consists of a separate 
scale L, unit and is arranged on the plan of the 

Thus a round spot of light is received on cinematograph projector, hut using an electric 
the scale screen L with a fine vertical line lamp S as a source. The incandescent 
traced across it. This round spot is the image filament wound as a close spiral coil projects 
of the flashed condenser lens produced hy M. an exceedingly bright image of itself on to 
As usual, however, the question of contrast, the vertical cross-wire N, by means of the 
or illumination at L, is best settled by placing condenser lens P, and the image of the cross- 
the “ oyo ” there and noting what it sees, wire thus strongly illuminated is projected by 
Obviously, for maximum efficiency the whole the achromatic objective C, so that after reflec- 
of the mirror M must bo seen as flashed with tion at M, it focusses sharply on the scale L. 
the “ intrinsic brightness *’ of the source for The sharpness of the imago received at L 
any point adjacent to the image of the is dependent on the ability of the lens C to 
vertical lino and as completely not flashed at afford a complete flash of an exceedingly fine 
all for “ view points ” on this margin. The cross-wire at N. 

latter c(mdition can only be satisfied if the Achromatic objectives, how'over, are corn- 
mirror M is accurately worked to the spherical mercially obtainable which will satisfy this 
shape and the width of the line on C not too flashing nest ; and provided the mirror M is 
fine to allow for the aberrations of the mirror made accurately flat, this system makes it 
when used at a slight inclination to true normal possible to get a clearly defined index mark on 
incidence. The former condition, however, is the scale L affording sufficient contrast to be 
only satisfied if for all “ view points ’* on the read even in a well-lit room in broad daylight, 
surface of the mirror M the line on C is seen Moreover, the result is entirely unaffected by 
against a background of incandescent surface, the angle turned through by the mirror. 

With small electric 
battery lamps and simple 
condenser lenses this 
condition is never oven 
remotely fulfilled, and 
all that can be provided 

is that the best and Fia. 13. 

brightest part of the 
very coloured image of the incandescent fila- 
ment projected by the condenser lens 0 is 
focussed on the mirror M. Thus the eye at L 
secs a coloured flash in M the “ intrinsic 
brightness ” of which is very much loss than 
the incandescent filament. 

A dovitje for making sure of using the 
whole aperture of the mirror is to project 
on to L the imago of a straight portion of the 
incandescent filament formed by M and to 
disj>onso entirely with the condenser Ions. 

In this case, provided only the mirror M is 
made accurately enough to concentrate ray 
directions traced from a point on L so that 
they all tonninato on such an extremely 
narrow object (only a few thousandths of an 
inch) as the (ilamont in a small olootrio lamp, 
maximum officieney will ho attained. This 
accuracy is not, however, possible with 
commercially obtainable thin galvanometer 
mirrors, so that in this case, again, partial 
flashing alone is possible, and maximum 
efficiency cannot be attained. 

The host way to insure maximum offioienoy 
is to make the mirror M {Vig, 13) perfectly 
flat on both sides, because in such forms they 
can he made much more optically perfect 
though very thin. The mirror M then simply 
functions as a device for turning the axis of 
the projected beam through an angle. 


2 M 


whereas a concave mirror has known and 
traceable aberrations for beams incident upon 
it at any appreciable angle to the normal or 
axial direction. a o w a 


TjROJBOTION ApPAUATUS, TitK »STUri)Y OP, 
involving the study of the flashing of 
incandescent sources as viewed through 
optical devices. See “ Projection Appar- 
atus,” § (4). 

Peojectous, PnoTOMKTRy OF. Soo “ Photo- 
metry and Illumination,” § (160) el Aqq. 

Pui.FRKUi Rkfeactombtee : an instrument 
for the rapid determination of refractive 
indices of liquids or solids. See “Spootro- 
Bcopes and Refractometers,” § (13), 

Pupin: the circular aperture of the eye. 
See “ Eye,” § (21). 

PtJPmoMETEY : the art of measuring the size 
and position of the pupil of the oyo. See 
“ Ophthalmic Optical Apparatus,” § (4), 

PxTRKiNJE Effect, Influence of, on photo- 
metry of surfaces of low brightness. See 
“ Photometry and Illumination,” § (124). 

Pyramidal Ereor ; the departure from exact 
parallelism of the edges of a prism. See 
“ Goniomotry,” § (5). 
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Quantttm, Planck’s Constant, Valkbs of, 
obtained by various methods and tabulated. 
See “ Quantum Theory,” § (7). 

Quantum Limit to a spectrum of X-rays. 
Planck’s quantum relation states that the 
maximum voltage applied to an X-ray tube 
multiplied by the electronic charge is equal 
to the frequency of the shortest wave 
multiplied by Planck’s universal constant. 
Measuring the limiting wave-length the 
applied voltage can be found. See “ Badio- 

logy.” § (19). 


QUANTUM THEORY 

§ (1) The Quantum. — It has been found 
possible to account for many of the phenomena 
of physios by starting from the dynamical 
laws of Newton or the electromagnetic laws 
of Maxwell, together with such extensions of 
them as relativity theory. Certain phenomena 
will not, however, fit in, and this in a way 
that requires not merely a modification of 
those laws, but some fundamental revolution 
in our view of nature. The revolution has 
not yet been made in that no one has suggested 
any scheme which should cover both the dis- 
crepant phenomena and the classical mechanics, 
but the quantum theory constitutes a first step. 
At present this theory is hardly more than a 
working rule, but its wide appUoability guar- 
antees that it is leading in the right direction. 

The Quantum Theory is definitely contra- 
dictory to the laws of mechanics, and this 
gives an arbitrary quality to some of its 
applications, in that mutually exclusive idea,s 
are borrowed from both sides and combined. 
Such a procedure would of course not be 
tolerated but for the fact that on the negative 
side its absolute necessity has been demon- 
strated and on the positive its use will give 
right results. There is now a considerable 
body of experience showing in what regions the 
quantum is required and in what the classical 
mechanics will prove sufGlcient. The principal 
fields in which the quantum theory has 
achieved success are (in historical order) ; (1) 
Planck’s theory of radiation, (2) Einstein’s 
theo:^ of the photoelectric effect, (3) the work 
of Einstein, Debye and others on the specific 
heats of solids, (4) Bohr’s theory of spectra, 
much the most remarkable of all. It has also 
been applied, with only moderate success, to 
the problem of the equation of state of gases. 
Here, while it explains the phenomena of 
specific heat quite well, the classical mechanics 
seem on the whole capable of dealing with the 
law of pressure. The kindred problems for 


which the classical mechanics appear to bo 
adequate without the quantum arc such tis 
the diffraction, intorforonco, dispersion, and 
anomalous refraction of light waves, the 
scattering of light by small i)articU^ and of 
X-rays by electrons, and atich matters as the 
molecular theory of the viscosity of gases. 

The essential fact of the quantum theory is 
the existence of a certain universal constant, 
the quantum, discovered by Planctk and de- 
noted by Jl Its physical tlimensions are 
mass X (length)® x (time)""^, that is the same as 
energy multiplied by time (the “ action ” of 
general dynamics) or as angular momentum. 
Its magnitude is 0*5 x 10 erg. see. The 
rule for its use may be stakwl generally m 
follows. If a system can vibrate with a fn^- 
quenoy of v vibrations per stx^oud, then the 
energy associated with this vibration can only 
be exchanged with other sysU'rns in quantities 
which are exact multiples of hv. Tims radia- 
tion of frequency v will bo absorbcHl by matter 
in amounts Av, and csonverstdy if an eh^ctron 
radiates energy E the w'avo will have fre- 
quency E/^. This rule lac^ks prt‘ci«ion and is 
ihadequate for Bohr’s specstrum theory (sc<*. 
below), but it covers all the other applications 
and they will show how it is to l>e iaterprot<Kl. 
Of these the simplest is the photoelectric) 
effect, and though it was not the first develop- 
ment in order of time, yet it will be oonvenietit 
to treat of it hero first. 

§ (2) PllOTOMLBOTIU<7 Ekfk<!T. — lu the ])hoto- 
olectrio effect ' light falls on a metallic surface 
and electrons are in oonscHiuonce emittcHl from 
the surface. Lot the frcHpumey of the light 
waves bo V, then ao<u)r(Ung to the quantum 
rule the electrons come off with energy hvn 
This is in fact observed to happen, thcnigh the 
effect is complicated by subscMpient endhsions 
which reduce the speecl of the cdccftnms, and 
above all by the presonoe of an elcsstrie field 
at the surface which prevents their c^grt^ss or 
reduces their emergent voloc'ity. Thus the 
energy of none of the ole(^tron8 is ohservcxl to 
bo greater than hv - E^, and there is a minimum 
frequency Eq/A for the light l)<\vond wluc^h 
none are obtained. The energy of the edendrons 
is quite independent of tlu^ 'intensity of the 
source of light, which only affects their 
number. 

An enormously oxaggeratc^d phottude^ettrie 
effect is obtained from the X-rays, ivs tlmsc^ are 
electromagnetic waves with frequenedeH alsmt 
5000 times as groat as those of visibles light. 
In this case the electrons are emitted with a 
very high velocity and Ej, is insignificuuit. 
The converse process has also observed, 
^ 8co “ Photoelectricity,” Vol. II, 
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electrons falling on a surface with energy E 
give rise to X-rays and none of these have a 
frequency greater than E/A. That lower fre- 
quencies are also observed is due to the fact 
that many of the electrons do not lose all their 
energy in a single step. In the hands of 
Millikan^ this process has been made very 
successful for determining the value of A. 

It is hardly necessary to insist on the in- 
adequacy of classical mechanics to deal with 
the photoelectric effect. In the first place the 
effect would naturally be attributable to some 
sort of resonance, whereas its character is 
quite different. Also on the classical theory 
an electron should only be able to absorb 
energy which passed in its immediate neigh- 
bourhood, and it is easily calculated that for 
feeble sources of light this energy is so small 
that it would take years for the electron to 
accumulate the amount of energy which it in 
fact exhibits at once. Before the advent of 
the quantum theory attempts were made to 
overcome this difficulty by a quasi-oorpusoular 
theory of light. Any such theory, however, 
encounters the insuperable objection that the 
same light which produces the photoelectric 
effect can also exhibit interference and all the 
other phenomena which connote that it is 
extended in the form of continuous waves. 
The combination of these two apparently 
mutually exclusive ideas of continuity and 
discontinuity is typical of the quantum 
theory. 

§ (3) Partition of Energy.— For dealing 
with radiation and specific heats the idea of 
temperature must be introduced and associated 
with the quantum. In this connection the 
fundamental question is that of the partition 
of energy, which may be stated as follows. 
If a system of a largo number of degrees of 
freedom can be separated into parts, what will 
1)0 the average energy of each of those parts ? 
It will bo sufiioiont here to limit the generality 
to the case whore the energy can bo expressed 
as the sum of a sot of sqxiarod terms. In this 
case classical mochanu^s gives the answer that 
every squared term takes on the average as 
much as every other, an amount JAT, so that 
a vibratory dogroo of freedom (for which the 
energy is half kinetic and half potential) has 
AT. Hero T is the absolute temperature and 
k the atomic gas constant,” that is the 
ordinary gas constant divided by the number 
of molecules in a gramme-molecule. This is 
called the theorem of the Equipartition of 
Energy. But the quantum theory gives a 
very different law of partition and in the 
theory of radiation and of specific heats it is 
this other law that is important. According 
to this law, if there is a vibrator in the system 
which can only exchange energy in finite units 
and if e be the value of this unit, then the 
^ Soo “Photoelectricity,” § (3), Vol, IT. 


average energy of this vibrator is not AT, but 

1 ). 

The formal proof of this expression is a rather 
complicated matter, depending as it does on 
difficult considerations of probability. It will 
suffice here to deduce it by analogy from the 
ease of classical mechanics, where the corre- 
sponding theorem can be fully established. 
Suppose a system composed of a set of 
vibrators, each of any frequency, which are 
capable of exchanging their energy say by 
means of a few freely moving molecules, 
which can collide with them. Except for the 
few moments when collisions are occurring, 
each vibrator has a definite energy half kinetic 
and half potential, and every now and then 
this energy is altered by a collision. If the 
vibrator is observed for a very long time the 
energy will take on various values, but some 
more frequently and for longer than others. 
The probability that the vibrator has energy 
between E and E -i- fZE is defined as the fraction 
of the total time during which its energy lies 
between those limits. Then it is a demon- 
strable consequence of the laws of dynamics 
that this probability has the value Ae” -^/^dE, 
where A is a constant that is readily deter- 
mined to be 1/AT. The average energy of 

.-flO 

the vibrator is therefore j E.Ae'^^^^dE. The 

value of this expression when integrated 
is AT, which is independent of E, this 
is the theorem of the equipartition of 
energy. But if, as in the quantum theory, 
energy can only he taken up in finite units 
the formula for the probability must be altered, 
as E is no longer infinitely divisible, but can 
only be a multiple of e. By analogy with the 
olassioal theory we therefore say that the 
probability of a vibrator with m of energy is 
whore A' is a constant, provided 
that n is an integer, and is zero if it is not. 
By summing tho probabilities of all possible 
arrangements A' is seen to have tho value 
1/(1 and the average energy is now 
found to be - 1). This is the partition 

formula resulting from Planck’s theory. If e is 
small tho expression reduces to AT tho equipar- 
tition value, but for larger values of e there is 
loss energy. If e is much larger than AT, the 
partition amount is approximately 
which is very small compared with AT. 

This result has been obtained by extending 
the form from the ease where equipartition 
holds. An example will sufifioe to show tho 
I)robability basis on which it really rests. Con- 
sider a system composed of four vibrators, of 
which two, A and B, can hold energy units «, 
while the other two, 0 and J), require units 2e, 
and suppose that the total energy of the system 
is 4e. The rule for the application of prob- 
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ability is then that equal probability attaches 
to every possible different distribution of the 
energy, in which no distinction is to be made 
as to the identity of the units of energy. Thus 
if X ^ c, d denote respectively tinits e on 
A, B and units 2e on 0, D, then all the 
possible arrangements are ; aaaa, 6666, aaab, 
abbb, aabhf aao, aad, bbc, bbd, a6c, abd, cc, dd, 
cd, and* each of these is to be counted as 
equally likely. Then the average energy on 
A or B is He and on C or D is ^fe. This 
illustrates the tendency for the energy to 
go into the vibrations which have the smaller 
units. The same process carried out with large 
numbers leads precisely to the above partition . 
formula. That the probability basis is correct 
is confirmed by the fact that in mechanics 
energy is infinitely divisible, and if that is taken 
to be so in the above work, then the ordinary 
equipartition formula results. 

Thus, since e has the value hv, the con- 
sequence of the quantum theory is that if 
a vibratory system has frequency v, and 
is at temperature T, its average energy is 
not AT, but 

hf 

§(4) Radiation.— It was in his study of 
the radiation problem that Planck discovered 
the quantum, and it was in the same con- 
nection that Poinoar6 demonstrated rigorously 
the inadequacy of the older mechanics. A 
very considerable amount can be discovered 
about radiation by the application of thermo- 
dynamics, a branch of physics that must 
certainly be considered more fundamental than 
dynamics. It can be shown (see “ Radiation,” 
§ (6), (ii.)) that there must be a universal 
formula describing the equilibrium of energy 
between radiation and matter in an enclosed 
space, and that this formula must be of the 
form 

Ex=J'/(^T) 

(this is Wien’s Displacement Law), where 
Exd\ is the energy- (isotropic) per cubic centi- 
metre in the spectral region between X and 
X + dX, and T is the absolute temperature. All 
the thermodynamical conditions, however, are 
satisfied by any continuous function /, and 
so it is necessary to have recourse to other 
principles in order to find the form of /. In 
making use of the quantum to find the radia- 
tion formula it will be therefore allowable to 
choose any specially convenient system, and 
the apparent artificiality of the one chosen 
will be without infiuenoe on the result, for 
thermodynamics guarantee that this must 
also be the general formula. 

The system chosen consists of a rectangular 
box with perfectly refiecting sides in which a 


small piece of matter is placed. This matter 
will radiate until the radiation in the box is 
in temperature equilibrium with it, that is 
until the radiation is the “ complete ” or 
“ black ” radiation corresponding to the tem- 
perature of the matter. If the matter is now 
withdrawn the radiation will bo reflected back- 
wards and forwards from the walls un- 
changeably, and can be easily analysed into a 
set of independent vibrations. The partition 
law can then be used to assign the average 
energy in each vibration. 

Let the sides of the box bo a, /3, 7. Then 
the vibrations are described by moans of the 
electric and magnetic forces, the typical ex- 
pression being 

^ . Iwx . miry . tittz „ . 

X=SAimn cos — sm sm — cos 27ry(i-H e), 

where I, m, n are integers, and v is the fre- 
quency. By examining the elootromagnotio 
equations it is found that 

(c is the velocity of light), and that there are 
two independent vibrations for each Z, m, n 
corresponding to the two directions of polar- 
isation. Now each vibration can be repre- 
sented by marking the corresponding value 
Z, m, % in a three-dimensional space. Then 
the number of vibrations for which v is less 
than is the same as twice the number of 
points marked inside the positive octant of 
the ellipsoid of semi-axes 

2atfo 2pvQ 2ypo 

’ c ' c ' 

This number is 



The number of vibrations with frequoncios 
lying between v and v n- dv is found by differ- 
entiation of this, and is 


8 t vLpy 


vHv 


By the partition law each of those has average 
energy in amount 1) and so tho 

total energy in the box in frequencies botwoon 
V and v + dvi^ 


Stt CL^y 


vHv 7iu 
c®'* 


If Vvdv is the energy per unit volume botwoon 
V and V -1- dvf then 


Uv 


=87r" 


liv 

>7a*t I 


To change into the more usual form with wave- 
lengths instead of frequencies it is only neces- 
sary to apply the equations v^c/X and 
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U,.cZj/=EAd\, and the result is Planck’s radia- 
tion formula 

pi SttAc 

^ \^^^cfkTK _ 

If the oquipartition law held, the formula of 
Rayleigh ^ would bo given, viz. 

- Stt^T 
Ex— 5^4-* 

This formula is manifestly impossible as it implies 
infinite energy in the infinitely short wave-lengths, 
but it is inevitably deduced by every method that 
is based on classical moohanios. For the discussion 
of JManok’s formula see *' Radiation,” § (6). Here it 
suflioes to say that by determining the i of his formula 
from experiments Planck obtained one of the earliest 
really good values for the Avogadro constant. The 
values for h and k as determined by recent experi- 
ments are given by A»*C-66 x 10“®’ erg. sec. and 
A:— 1-372 X 10“^® erg./deg. 

An attempt was made by Planok in his “ Second 
Quantum Hypothesis ” partially to reconcile quan- 
tum moohanios with ordinary mechanics by supposing 
that vibrators absorb energy continuously, but omit 
it in units. Tliis theory leads to the same radiation 
formula as the other, bub when applied in other 
directions it seems on the whole to raise more 
difiioulties than it puts to rest. There is little doubt 
that no reconciliation in this way is possible, and 
moat of the subsequent developments of quantmn 
theojy liavo proceeded on Planck’s First Hypothesis, 
in whioh both emission and absorption are dis- 
continuous processes. 

§ (5) Sphoipio Hbats of Solids. — ^Before 
the advent of the quantum theory the problem 
of specific heats encountered great diffioidty. 
For it is clear from the emission of spectra, etc., 
that there are at any rate a considerable 
number of degrees of internal freedom in an 
atom, and each of these should require its full 
share of energy on the oquipartition principle. 
The quantum removes this difficulty in that, 
if the frequencies corresponding to those de- 
grees are high, the partition rule will, at 
ordinary temperatures, require very little 
energy for them. Subject, then, to this now 
condition, the theory fits very well. Thus the 
specific heat at constant volume of a monatomic 
gjwj is simply duo to the kinetic energy of 
translation of its atoms. For N atoms it will 
bo H^N. For most diatomic gases two 
further degrees of freedom must bo added, as 
the molecule may rotate about two axes per- 
pendicular to the line joining its atoms ; the 
specific heat is therefore jAiN. In solids 
the atoms must be supposed to have three 
degrees of potential energy as well as three of 
kinetic, and so the specific heat for N atoms 
will now be 3&N. This is the law of Dulong 
and Petit — ^that the atomic weight multiplied 
by the specific heat is the same for all the 
elements. Now there are certain well-known 

^ “ Rc^marks upon the XjSW of Oompleto Radiation,” 
Phil. Mag., 1900, xlix. 589. 


exceptions® to this law ; diamond has a specific 
heat far below the value it should have. It 
was also discovered that all the other elements 
have much too low specific heat when the 
temperature is very low ; and conversely that 
at a temperature of 600° C- diamond is nearly 
normal. The elucidation of these facts has 
been one of the successes of the quantum 
theory. It should be remarked that here we 
shall only treat of specific heat at constant 
volume. This often differs considerably from 
the observed quantity specific heat at constant 
pressure, but if the compressibility and thermal 
expansion are known the one can bo deduced 
from the other by thermodynamics. 

The first attack on the problem was due to 
Einstein. Rubens had shown that such solids 
as rock-salt have a very strong absorption 
band for light in the far infra-rod. This is to 
be attributed to the vibrations of the atoms 
in the crystal and tells us their frequency v, 
and so provides a means of applying the 
quantum partition rule. Instead of being 3AT, 
the average energy of an atom should be 
-‘I) and so, by differentiating, the 
specific heat of N atoms will be 

This formula represents the falling off of the 
specific heat at reduced temperatures, and 
vanishes at the absolute zero as it should, but 
at very low temperatures it gives values that 
are well below the experimental. An im- 
provement was made by the empirical formula 
of Nernst and Lindomann, who replaced half- 
the expression by a similar term involving k/ 2 
instead of v. This represents the experimental 
results much better, but still gives low values 
at the very low temperatures ; moreover, 
there seems no theoretical reason for the pres- 
ence of the octavo terms. 

The theory was greatly improved by Debye. 
The atoms of the solid are not to bo regarded 
as having a single definite frequency, but will 
vibrato according to a set of normal modes 
that can be calculated from the theory of 
elasticity. Now if it wore correct to suppose 
that the substance was a continuous elastic 
medium, it would follow by a method similar 
tt) that already used in the radiation problem 
that the number of degrees of freedom of vibra- 
tion with frequencies hetwoon v and v + was 



whore aj and are respectively the velocities 
of transmission of longitudinal and transverse 
waves. This number, of course, becomes 
infinite with v, but it is obvious that there 
are really only a finite number of degrees of 
* See “ Calorimetry, Quantum Theory,” Vol, I. 
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freedom — 3N for N atoms. Debye’s method 
cousists in supposing that all the frequencies 
below a certain value occur, and beyond 
these none, is determined by the concQtion 
that there shall be only 3N degrees of freedom 
in all, that is by the equation 


where V is the volume containing the ^ N 
atoms. Applying the quantum partition 
principle, the energy is given as 



47rV 



Jiv 


vHv 


rvm hv^dv 

(6*"/“ -IK*' 

The differentiation of this expression by the 
temperature gives the specific heat at constant 
volume. If a “ critical temperature ” 0 is 
defined by the equation kQ = }iv^ (9 may be 
calculated from and ag* that is from the 
elastic constants), then the specific heat may 
be written as 

3¥(|)n, 

where / g) =3(|)*J; 


When T is large / becomes equal to unity. 
Eor small temperatures, on the other hand, 
the specific heat becomes 

3 . * . 77-94Q’n. 


This equation is verified fairly satisfactorily 
by experiment. 

Debye’s method of counting the vibrations 
is avowedly only rough, and his estimate is 
least accurate in precisely the place where the 
greatest accuracy in counting is needed, that 
is for the frequencies near An improve- 
ment has been made by Bom and Karman, 
who have succeeded in calculating the actual 
normal modes of vibration of a rock-salt 
crystal. They obtain the necessary constants 
from the elastic properties, and get values for 
the specific heat even better than Debye’s. 
The actual comparison with experiment is de- - 
scribed in the article in Vol. I. on “ Calorimetry, 
Quantum Theory,” 

The fact that the specific heat at low tem- 
peratures is proportional to the cube of the 
temperature implies that the entropy near 
the absolute zero is a finite quantity ; and by 
choice of the arbitrary constant wWoh occurs 
in the definition of entropy it may he taken 
to be zero at the absolute zero. This is 
intimately related with Nemst’s heat theorem, 
which has had such important consequences 
in physical chemistry. 

§ (6) SPEoma Heat op Gases.— T he appli- 
cation of the quantum to the specific heats 


of gases is not so satisfactory as for solids, 
partly because the exporiinontal data aro much 
less accurate, so that a discritnination betwoon 
rival thfcories is not so easy. At both high 
and low temperatures the specufic heat changes. 

At the high it increases — a certain part of the 
increase is attributable to dissociation, but 
it appears also that some of it is duo to a 
participation in the energy by some of the 
internal degrees of freedom of the molecule. 

At low temperatures a very remarkable 
process occurs in the diatoinio gtisos. Thus 
diatomic hydrogen at 40° abs. has all the 
characters of a monatomic gtuj — its specific 
heat at constant volume is i]A:N, and the ratio 
of the spooific heats is 3, instead of the ordi- 
nary values with a rati(' 

The molecules of a diatomic gas can take 
energy in three ways. There is, first, the 
translational motion of the whole moloculo ; 
as would be expected, this method appears to 
be the same for all typos of molecules. 
Secondly, there are the internal vibrations; 
the most important of those is the vibration 
in which the two atoms oscillate along the 
line joining them. It appeal's that for the 
permanent gases this vibration has too high 
a frequency for it to acquire any energy at , 
all at ordinary tomporaturos, though it 
probably plays a i)art in the rise of specific 
heat at high temperatures. Tlio third factor is 
the rotation of the molecules, and the treatment 
of degrees of freedom depending on rotation is 
a much more doubtful question. One of the 
most interesting mothodH is the following. 
Suppose a moloculo to bo rotating with a 
frequency v, then its angular veUxiity is Zirtf, 

If I is its moment of inertia the kinetic energy 
is il(27rp)2. If the quantum principle is 
applicable this must bo equal to in/w, where 
n is an integer. (The reason for the factor i 
will be seen in § (7) from the rule for the quanti- 
sation of orbits.) Now BU])poRe that I is 
independent of v, though there does not s<.^em 
to be any cogent reason why this should be 
so in view of the varying centrifugal force. 
Then, since v^nhl^rH, the molecule is only 
permitted to rotate with fnxpiencies which 
• are multiplies of hl^ir^L There is evklence 
that frequencies of this type do exist fn>tn the 
presence of absorption ban<ls in the far infra- 
red. The permissible energies of rotation 
will be 7^Vi*/87^2I. Several methods have iKwn 
tried for finding the specific heat from this. 
That which seems preferable theoretic^ally i» 
due to Ehrenfost. He works out th(' parti- 
tion law ab initio in the same sort of way 
as that sketched in § (3), and it leads to tho 
following formula for the total energy <if N 
molecules: 


. . . 

l + . . . 


<ribTN4*3CTN, 
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where o- = The specific heat follows 
by differentiation. There are other theories, 
which give as good or nearly as good agree- 
ment with experiment — for instance, those of 
Bjerrum and of Krugor. 

Various attempts have also been made to 
introduce the quantum in connection with 
other properties of gases. !For instance. 
Tetrode and Keesom have examined the 
result of quantising the acoustic vibrations 
of a gas. This, of course, destroys the validity 
of the Maxwell law of distribution of velocities, 
and the equation of state is modified. The 
attempt is not very successful, and the result- 
ing equation differs from the actual at least as 
much as that obtained from classical mechanics. 

Mention should also be made of some 
theories of Planck, Saokur, and Tetrode, who 
have tried to introduce the quantum in a still 
more fundamental way by using it to define 
the probability basis which controls the dis- 
tribution of molecules. The object was to 
calculate the condensation point of a gas, 
but none of the theories have been very 
successful. 

§ (7) Spectrum Theory. — It will suffice 
merely to indicate the general outline of the 
Bohr’s theory of spectra, which is the most 
remarkable application of quanta yet made. 
The spectra of many of the elements have been 
analysed into fairly simple formulae, and 
these formulae are completely different from 
those found in the ordinary theory of vibra- 
tions. For the frequency of each line is given 
by taking the difference of a pair of terTTia, 
and the separated terms usuaUy fall into an 
algebraic series of some land. This rule for 
constructing lines from terms is called the 
Combination Law of Bitz. For example, the 
soiies-terms for the primary hydrogen spec- 
trum are of the form N/?i^, where N is a con- 
stant and n any integer, and so the lines are 



The famous Balmer^ series is the particular 
case where n = 2, while n* has aU integral 
values greater than 2. Spectrum work is 
usually carried out not in frequencies, but 
in reciprocal wave-lengths ; the constant N/c 
is called Rydberg’s constant. Now in dealing 
with the photoelectric effect it was seen that 
a loss of energy E was associated with 
radiation of frequency E/A Therefore if an 
atom of initial energy radiates, and in 
consequence has its energy reduced to Ka, 
the radiation will be of frequency (E^ - Egl/A 
Thus the quantum theory directly explains 
the meaning of the combination law ; if any 
series-term is multiplied by h the result is 
the energy either before or after the emission. 

‘ Soo also article “ Spectroscopy, Modern,’* Vol. V. 


The reverse argument applies for the absorption 
of radiation. Thus if an atom is in the arrange- 
ment corresponding to energy Eg, and 
irradiated with radiation of frequency 
(Ej-Egl/A it may absorb it and thereby rise 
to the arrangement with energy Ej. 

This use of the quantum is only half the 
solution, however ; for it is still necessary to 
find the arrangements corresponding to 
series and the laws of ordinary mechanics 
will not determine them definitely. 3For 
example, the hydrogen atom consists of a. 
nucleus and one electron, which describes an 
elliptic orbit about it, and this it may do with 
any radius and any energy whatever. So in 
order to make the energy of the atom definite 
a second use of the quantum must he made. 
This consists in “ quantising the orbits,” 
which means that some of the orbital constants 
are determined by the quantum, so that of 
the infinity (ff orbits possible on dynamical 
principles only a certain limited series is 
permissible. For example, consider first only 
the circular orbits which the electron may 
describe. The electron can absorb or emit 
energy in multiples of hv ; in addition to this 
the further condition is assumed that the 
angular momentum is to he a multiple of 
This is a consequence of the rule of quantisa- 
tion applied to this case. Thus if a is the 
radius and v the velocity of the electron, the 
motion is given by 

mv^ _ e* 
a ’~a^* 


where e is the electric charge of electron and 
nucleus, and m is the mass of the electron. 
The quantisation gives mva=^nkl27r. From 
these equations it follows that 

2 


and the energy is 

En = - 


1 


Thus, if the electron shifts from the orbit of 
radius that of radius there will 

he an emission of the line defined by 

__27r®0*m/ 1 1\ 

This is precisely Balmer’s expression, and 
the agreement is numerical. Thus the Bydborp; 
constant for hydrogen is directly observed t<> 
be 109C77-691 om."^; if the most accurate 
known values of e, m, A, and o are 8ubstitut©<l 
in the above expression the result is 1-090 x 10^ 
cm.’^. The value of Oi, the least permissible 
radius, is about 0-5 x 10“ ® ora., which is of the 
same order as the known size of atoms. 

This is the substance of Bohr’s origittal 
discovery. The second great advance is the 
extension of the principle by Sommerfeld to 
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the case of more complicated orbits. In these 
oases the principle of quantisation can beat be 
expressed in the language of general dynamics. 
Thus in a periodic or quasi-periodio motion 
let j be one of the co - ordinates which 
define the motion, and p the corresponding 
momentum ; then q and p will fluctuate about 
certain values during the period. The relation 
which expresses the quantisation of the orbit is 
nh=Jpdqt where the integral is taken round 
one period, and this is to be applied for each 
of the variables q. In the -previous example q 
was the vectorial angle and ranged from 0 to 
27r, and p, the angular momentum, is there- 
fore a multiple of A/2t. 

In elliptic motion the quantisation is natur- 
ally more complicated, as it applies to both 0 
and r. The angular momentum is again 
constant, so that the quantisation gives 
PQ—n-Jil2iT, The radial momentum is 


dr 


or 


AQ' 


and the quantum relation for this is 

where the integration is to he taken from 
the minimum of r to its maximum 
and back again, that is once round the 
ellipse. ITow if a is the half major axis 
and € the eccentricity, the equation to the 
ellipse is a(l - e®)/r=l -H e cos 6 and p^ is given 
by the relation Substitut- 

ing for r in terms of 6 and performing the in- 
tegration we have nji—p ^ . 27 r[(l - c®) “ ^ 1]. 
Hence the permissible orbits are those for which 


and 






(ni + na)W 
4tTrH^m 




The total energy is found to be 

y __ 2wh*m 1 
niyni-- (Til -f 712)2 

As Til arid are integers, each permissible orbit 
has major axis equal to the diameter of one 
of the^ circular orbits obtained above, and 
this diameter determines the energy, but 
the eccentricity can only have certain pre- 
scribed values. For example, if = 

we have three, and only three, different orbits; 
(1) %=3, 712=0, a circle of radius Ooi ; (2) 
Vii=2, 712 = 1, an ellipse of which the semi- 
axes are 9%, Ooi, and the eccentricity is 
n/ 6/3 ; (3) ^=1, 7^2=2, an ellipse of semi- 
^axes 9%, and eccentricity ^8/3. The 
case 74 = 0 , 7^2=3 is supposed to be inad- 
missib^, as it would involve a collision of the 
electron with the nucleus. The red hydrogen 


line N(l/22 — 1/3®) is thus made uj) of six com- 
ponents derived from the change from any 
one of these three orbits to either of the orbits 
Til' =2, 712^=0, or Til = 1, 712 ' = 1. 

Sommerfeld also took into account the fact 
that the mass of the electron is a function of 
its velocity. This modifies the orbits in such 
a way that the ellipses have slightly different 
energies. The consequence is that each line 
of the Bahnor series has a fine structure of a 
type he was able to predict, which has been 
confirmed by experiment. The method has 
also been applied, with complete success, to 
the influence on spectra of electric and magnetic 
fields, the Stark and Zooman effects. For 
these cases, in order to predict the polarisation 
of the component linos, it is necessary intro- 
duce supplementary principles. Sommerfeld 
has suggested a “ principle of selection ” 
(Auswahlprinzip) depending on the idea of 
the momentum of radiation. In a<lditi()n to 
giving a polarisation rule, it has the conse- 
quence that certain lines, which would on the 
original theory have boon expected, will not 
he found, as is exporimontaUy the otvse. An 
alternative, which appears prxiforable, is 
Bohr’s “ principle of correspoudonce.” It is 
not possible to describe this hurts but the 
general idea is that the behaviour of a (quantised 
system may he predicted by assiniilating the 
result which would bo obtained when the 
number of quanta is largo, to the result given 
on the principles of classical mechanics. 

As points of further interest in the theory, 
mention may be made of the fact that ionised 
helium gives a spectrum precistdy the same 
as hydrogen, except that the constant N is 
changed. Hero, as in hydrogen, there is a 
single electron moving round a nucleus, but 
now the nuclear charge is 2e. Htmec the 
permissible orbits are all half the sixe of the 
others, and the corresponding onorgies are 
four times as groat. The now N is almost 
but not quite exactly four times as great as 
the old, and the departure from <>xactness 
has been explained very satisfactorily. It is 
attributable to the fact that the mass of the 
nucleus is not infinite^ compared to that of 
the electron, so that the nucleus itself has a 
small motion. As the helium nucjlous is four 
times as heavy as the hydrogen, ther<> will be 
a difference in the two motions, with a resulting 
effect on Rydberg’s constant. It is |K)S8iblo 
in this way to evaluate the ratio of the mass 
of an electron to that of a hydrogen atom 
from purely spectroscopic data. Another 
point of inter^t is that the X-ray spectra can 
he analysed into terms, many of which fit 
into series of exactly the same form as those 
of hydrogen and helium, and these linos exhibit 
the same fine structure too, but that the separa- 
tion of the components is much grt^ator. A very 
considerable theory of these spectra exists, 
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By using (a) Rydberg’s constant, (jS) the 
difference of this constant for hydrogen and 
helium, (7) the “ constant of fine structure ” 
and the value of the velocity of light, it is 
possible to work out from spectroscopic data 
alone all the fundamental elementary con- 
stants e, m, and k. Of the three relations (a) 
is known so accurately that the precision 
depends entirely on the other two. Of these 
(^) determines what is in effect e/m in terms 
of the small difference between two large, 
but accurately known, numbers ; its precision 
is ^bout eq^ual to that from direct methods. 
( 7 ) gives a relation between e and h in terms 
of the separation of the lines in the fine 
structure, and the observations are exceedingly 
difficult. The resulting values from the three 
relations are nearly as good as those by other 
methods. 


Table or Values or the Quaittum 



Method. 

Notes. 

6-661+0-009 

Total radiation 

A 

6-667 +0-013 

Spectral radiation 

B 

6-678 ±0-02() 

Photoelectric effect 

C 

6-666 + 0-009 

X-rays 

1) 

6-679 ±0-021 

Ionisation, potential 

E 

0-626 ±0-200 

Speotroscopio data 

F 

6-647 ±0-009 

Somi-speotroaoopio data 

G 


A is determined by taking k known in the formula 
for the total radiation. 

B is determined from the position of the maximum 
intensity of black radiation at any temperature. 
C is found directly from observations on the photo- 
electric effect. 

D is determined from the minimum wave-length of 
X-rays excited by electrons of known energy. 

E depends on observations that are half spectroscopic. 
From spectroscopy the energy of an atom may 
be known. Tho ionisation potential gives an- 
other measure of this, as it shows the energy 
necessary for the removal of an electron. 

F is determined by the purely speotroscopio method 
involving the above relations a, p, 7. 

G is determined by the nse of (a) and (jS) as in F, 
but (7) is replaced by using tho known value of e. 

Of these methods all except F depend on 
assuming Millikan’s value 4-774 x 10"^® ± 0-009 
E.S.U. for e, the eleotronio charge; but the 
close agreement between A and B is a direct 
support for that value. c. q. d. 

BlBilOaRAPHT 

For most of the quantum theory it Is unnecessary 
to refer to tho original papers, as they .have been 
Incorporated in many books. Among others the 
following are works that may usefully be consulted. 

La ThSorie du rayonnement et des quanta (Gau- 
thier Villars, Paris, 1912) is an account of a congress 
hold at Brussels in 1910 of leading physicists. All 
the earlier aspects of the quantum theory are very 
fully discussed. 

Bp'port on Radiation and the Quantum TTieorUf by 
J. H.. Jeans (Lend. Phya. Soc., 1914), is a concise 
account of the whole field of the quantum theory, 


except that spectrum theory has developed a great 
deal further since its publication. , « 

A System of Physical Chemistry, vol. iil., by W. C. 
McC, Lewis (Longmans, (jreen & Co., 1919), gives a 
very detailed, but uncritical, account of many parts 
of the quantum theory, without tho use of mucli 
mathematics. , , „ ^ _ 

Atombau und SpeUraUinien, by A. Sommeneld 
(Vieweg, 1919), gives a very complete account of 
atomic physics, mth special reference to the Bohr 
theory of spectra. ^ ^ 

The Dynamical Theory of Oases, by J. H. Jeans, 
Third Edition (Oamb. tJniv. Press, 1920), contains a 
few chapters dealing mathematically with the chief 
points of the theory. 

Report on the Quantum Theory of Spectra, by L. 
Silberstein (Adam Hilger, 1920), is a short but com- 
plete account of spectrum theory. 

Iteferences to original papers will bo found in these 
works. Bohr's “ Correspondence Principle *' is dealt 
with in two papers “ On the Quantum Theory of Line 
Spectra " by If, Bohr (D. Kgl. Dansk. Vidmsh. Selsk, 
Skr., 1918) ; the papers are in English. 


Quartz, anomalous dispersion of. See 
“Wave-lengths, The Measurement of,” 

§ (U- 

Crystalline form of. See “ Quartz, Optical 
Rotatory Power of,” § (2). 

Optical rotatory power of, for some im- 
portant wave-lengths, tabulated. See 
ibid. § (4), Table II. 

Optical systems, used in microscopy with 
ultra-violet light. See “ Microscopy with 
Ultra-violet Light,” § (3). 

QUARTZ, OPTICAL ROTATORY 
POWER OF 

§ (1) Historical. — The phenomenon of 
optical rotatory^ power was discovered by 
Biot, who communicated to the Institute of 
France on November 30, 1812, a memoir of 
371 pages, “ On a New Kind of Oscillation 
which the Molecules of light experience in 
traversingicertain Crystals.” Arago, in 1811,® 
had found that a plate of quartz, interposed 
between a polariser and analyser, was capable 
of depolarising the light in such a way that 
transmission took place whore previously there 
had been complete extinction. The trans- 
mitted light was not white hut coloured. 
Thus with increasing thickness of the plate 
the colours changed progressively through the 
series — ^yellow, orange, rose-red, violet, blue, 
and green. l?hese colours were shown by 
Biot to be due to a rotation of the plane of 
polarisation, which increased (i.) with the 
thickness of the plate, (ii.) with change of 
colour from red to violet. . It was therefore 
impossible, when a beam of polarised light 
had passed through a quartz plate, to ex- 
tinguish all the colours simultaneously. The 
tints which Arago observed were due to the 
selective extinction of light which had been 
rotated through 180® (or a multiple of 180°) 
by the plate of quartz. Thus a plate about 

» See also " Polarised Light,” § (20), and “Polari- 
^em. Sn«t., 1811, pp. 93-134. 
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4 mm. thick which rotates the plane of polari- 
sation of violet light through 180° gives rise 
to a yellow tint. As the thickness of the plate 
increases the absorption band moves towards 
the red end of the spectrum, but before it 
has disappeared into the infra-red a second 
absorption band moves in from the ultra- 
violet, so that a plate of quartz about 9 or 
10 mm. thick gives an extinction both at the 
red end of the spectrum, where the plane of 
polarisation is rotated through 180°, and in 
the blue or violet region, where it is rotated 
through 360°. These extinctions at the two 
ends of the spectrum give rise to the green 
colour, which is the last member of the series 
of colours recorded above. Thicker plates give 
extinctions which increase progressively in 
number and in the closeness with which they 
are packed in the spectrum. No marked 
coloration is then observed in the transmitted 
light, although the absorption bands can be 
seen very clearly with the aid of a spectro- 
scope. A quartz ’plate, 3*65 mm. in thick- 
ness, produces a rotation of 90° in the bright 
orange-green region of the spectrum, a little 
on the yellow side of the green mercury line 
of wave-length 0-5461 /*, which gives a rotation 
of 93° in a plate of tMs thickness. When the 
polariser and analyser between which the 
quartz plate is inserted are parallel instead 
of crossed the brightest part of the spectrum 
is extinguished and a rose- violet colour, known 
as the neutral tint, is produced which is very 
sensitive to small changes in the setting of 
the polariser or analyser, or in the thickness 
of the plate. This fact was formerly utilised in 
the construction of polarimetera for measuring 
the rotation of polarised light in various media. 

§ (2) Crystallinb Form. — T}ie typical 
crystals of quartz have the form of a hexagonal 
prism capped by two hexagonal pyramids, 
and are therefore referred to the “ hexagonal 
system ” in which the faces are located most 
conveniently by their intercepts on a vertical 
principal axis and three horizontal axes 
inclined at 60° to one another. A closer 
examination shows the presence on some 
crystals of small facets {Fig, 1, (a) and (6)) 
which reduce the symmetry of the crystal by 
destroying the six vertical planes of symmetry 
intersecting in the principal axis, which are 
present in the simple hexagonal prism. Even 
when these facets are absent the lower sym- 
metry of the quartz crystals can be shown 
by studying the tiny “ etched-figures ” ob- 
tained by the action of hydrofluoric acid on the 
crystals. When these factors are taken into 
account it is seen 'that the quartz crystals 
are not “holohedral” but “ tetartohedral,” 
the smaller facets including only six facets of 
each form instead of twenty-four as in the 
holohedral system of symmetry, where each 
face of the hexagonal prism would carry a 


facet on each comer. The symmetry of the 
quartz crystal is in fact restricted to one 
vertical axis of threefold symmetry, and 




Fig. !.—(<») Dextrorotatory Quartz; 

(b) Laovorotatory (Quartz. 

three horizontal axes of twofold symmetry; 
these axes of symmetry ctunciding with the 
four crystallographic axes used in locating the 
faces in the hexagonal system. Hinco no centre 
of symmetry and no plane of symmetry is 
present, the crystals can exist in two enantio- 
morphous forms as in Fig. X, (a) and (6). The 
optical rotatory power of (piartz is observed 
in plates cut perpendicularly to the principal 
axis, and these two types of crystals rotate 
the plane of polarisation of light to an wpial 
extent but in opposite directions ; twin 
crystals containing both forms of quartz are 
also found. Horschel, who diacovercKl the 
relationship between the crystal form and 
rotatory power of quartz, rovorsod Biot’s con- 
vention by descrilhng as dextrorotatory a 
plate of quartz which turns the plane of 
polarisation to tho right aa vmml from the 
polariser, i.e. in tho opposite direction to 
dextrorotatory camphor or sugar, which rotate 
the plane of polarisation to tho right aa viewed 
from tJie analyser, sin <!0 in the (‘aso of organic 
compounds Biot’s convention is always fol- 
low^. Hors(‘.hers convention is still tiwhI by 
opticians, but in Fig. 1 Biot’s convention is 
used.^ 

§ (3) Rotatory BTSPKRStoN. (i.) liiot'a 
Law. — Biot’s investigations revealed the ex- 
istence of two typos of optical rotatory disper- 
sion, as indicated in the following data: “ 



CJuartz. 

Tartaric Add. 

Red ... . 

18*90° 

.38° Y 

Yellow . , , 

21 •40'* 

49° 29' 

Orange . . . 

23*99° 

42° 51' 

Green . , . 

27*8(1° 

46° II' 

Blue. . . . 

32*31° 

44° 40' 

Indigo . , . 

,36*13° 

42° 9' 

Violet . . . 

40*88° 

30“ 38' 


^ Nnfun, 1022, (^x. KOH. 

‘ M4m. Acad. .S'ei., 1838, xv. 230. 
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In the case of quartz the rotations increased 
progressively as the wave-length diminished, 
and Riot concluded that “ the rotation of the 
difEerent simple rays is reciprocal to the square 
of their wave-lengths ” ; ^ in the case of 
tartaric acid the rotations passed through 
a maximum in the green. Turpentine and 
cane-sugar appeared, however, to be identical 
with quartz in their rotatory dispersion, since 
the optical rotations which they produced 
could be neutralised completely with the help 
of a quartz plate of opposite sign and suitable 
thickness acting as a compensatcyr ; this fact 
has been utilised in the construction of 
sacchanmeteraf in which the strength of a 
solution of sugar is determined by balancing 
its optical rotation with that produced by a 
variable thickness of quartz. 

(ii.) Drude's Theory, — Biot’s law, a=h/\^, 
was proved by more exact measurements to 
give only an approximate representation of 
the variations with wave-length of the rotatory 
power of quartz, cane-sugar, etc., and was 
modified by Boltzmann, whose equation may 
be expressed as + This equa- 

tion was purely empirical and did not provide 
an adequate expression of the deviations from 
Biot’s law; Drude, in his Theory of Optica 
(1900), put forward an equation based upon 
the electronic theory of radiation which 
accounts for the observed facts in a satis- 
factory manner. Drude’s equation for light 
which does not approximate in frequency to 
that of the electrons of the optically-active 
medium takes the form 

where W are the wave-lengths 

corresponding with the various “ free-periods ” 
of the electrons of the medium, and fcji, k^, h 
are constants. 

§ (4) Experimental Verieioation, — The 
writer has shown that a single term of Drude’s 
equation provides an adequate expression both 
of the optical and of the magnetic rotatory 
dispersion in a large range of organic com- 
pounds,® whilst the phenomena of anomalous 
rotatory dispersion as observed, for instance, 
in the esters of tartaric acid are covered com- 
pletely by making use of two terms of opposite 
sign.® In the case of quartz, a single term of 
Drude’s equation serves to express the rota- 
tions to about 0*040® per mm. over a consider- 
able range of the spectrum, as shown in Table I., 
whore ai=ifc(\®-\o®), jfc=7-1764, X^,® =0-01677;* 
but Drude himself used two terms in order to 

1 M4m. Acad. SoL, 1817, U. 49, 67, and 136 ; paper 
read Sept. 22, 1818. 

* Trans. Ch&m. Soc., 1913, ciii. 1067, and 1919, 
cxv. 300. 

» Ibid., 1916, cvU. 1187. 

* Bupe und Akonuann, Annalen der Chmia, 1920 
ccccxx. 11 : compare 'Lowry and Dickson, Trana. 
Chm.. JSoc., 1913, cm. 1072. 


cover the data given by Gumlich ® for wave- 
lengths ranging from 2-140 /j. to 0-21935 jj.. 
In this equation he assumed the free periods, 
as deduced from measurements of refractive 
dispersion, etc., to be given by 

Xi® = 0-010627, X2® = 78-22, X8®=430-6. 

It appeared, however, that the two free periods 
corresponding to ramations in the infra-red 
did not affect the rotations in the range 
covered by the observations of Gumlich, so 
that k 2 = hQ=0* On the other hand, Drude 
found it necessary to introduce a term k'/7<^ 
to express the fact that the rotations appeared 
to be influenced by ions “ whose natural periods 
are extremely small, much smaller than those 
corresponding to X^,” so that no constant 
corresponding to X^* or Xg® need be introduced 
into this term of the equation. The equation 
thus deduced took the form 

where Xj® =0-010627, 12*200, and ha— - 6*046. 

In the series of eighteen rotations quoted 
from Gumlich, which ranged from 1-60® to 
220-72° per mm., the equation gave a maxi- 
mum deviation of 0-28®/mm., and an average 
deviation of 0-06®/mm. between the observed 
and calculated values as set out in Table I. 


Table I 

Drudb’s Foemola for the Rotatory Power or 
Quartz 


X. 

a (ol3S.}. 

One Tenn. 
aa(oalo.)100(a-'a8). 

Two Tttt xns. 
ax(oalc.}lUO(a-a],) 

2-140^1. 

1-60 

1-67 +3 

1*67 -1-3 

1-770 

2-28 

2-30 -2 

2-29 -1 

1*460 

3-43 

3-44 -1 

3-43 + 

1*080 

6-18 

6-24 -6 

6*23 -6 

0*67082 

16-54 

16-64 + 

16*66 -2 

0*66631 

17-31 

17-3^ -2 

17*33 -2 

0*68932 

21-72 

2171 +1 

21*70 -1-2 

0*67906 

22-65 

22*63 -1-2 

22*63 -H2 

0*67696 

22-72 

22 70 -1-2 

22*70 -1-2 

0*64610 

26-63 

26-60 -1-3 

26*61 -1-2 

0*60861 

29-72 

29-67 -1-6 

29*67 4-6 

0*49164 

31-97 

31-91 -1-6 

31*92 4-6 

0*48001 

33-67 

33-69 -1-8 

33*60 4*7 

0*43686 

41-66 

41-43 -1-12 

41*46 4*9 

0*40468 

48-93 

48*86 -1-8 

48*86 4-8 

0*34406 

70-69 

70-62 -3 

70*61 -2 

0*27467 

121-06 

, , 

121*34 -28 

0*21936 

220-72 

•- 

220*67 4-16 


A series of readings to six significant figures of 
the rotatojy power of quartz, made with tho help 
of a oolunun of dextro-quaxtz 181 mm. in length, 
and a column of laevo-quartz 226 mm. in length,® 
showed that tho two-term formula employed l)y 


» Wied. Ann., 1898, Ixiv. 349. 

• Lowry, Roy. iSoc. Phil. Trans., 1912, A, coxil. 
261-297. 
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Drude was far from exact even over the narrow range 
from Li 0-6708 to Hg 0*4358, within which visual read- 
ings can be taken. A satisfactory agreement was, 
however, obtained by reintroducing one of Drude’s 
infra-red terms as in the equation 

Tg ^ , ^2 

where « 0-010627, 

Xj® =78-22, 
ifci=ll-6064, 

1j2=13-42, 


as for the visual readings) for 700 wave- 
lengths read by the })hot<)graphic method. 
The problem of redetermining the rotatory 
power of quartz in the infra-red region has 
not been undertaken seriously, but the formula 
given above shows an average deviation of 
about 0-05° per mm. in com])arison with the 
first series of new infra-red readings. 

The optical rotatory power of quart-z for 
some important wave-lengths is set out in 
Table II. 

Tabltq II 

Optical Rotatobv Powbr of Quartz 


h — 4-3686. 


This formula, in the case of twenty-two out 
of twenty -four wave-lengths, gave an average 
deviation between the observed and calculated 
rotations of only 0-001° per mm. or I part in 
25,000, and this deviation has since then been 
reduced to one-half of its former magnitude 
by introducing for the wave-lengths the more 
exact values deduced in recent years from 
measurements with the interferometer ; but 
even this formula becomes inexact when applied 
to the most exact measurements in the ultra- 
violet region of the spectrum. These measure- 
ments, made by a photographic method, with 
a column of laevo-quartz nearly half a metre 
in length, include some 700 wave-lengths, and 
can be expressed by the formula 


where 



h 


Xi^cr 0-012742, Xa® =0-000974, 


*1 = 9-5644, *a= -2-3114, *=-0-1915. 


In this formula it has been necessary to 
introduce two “ ultra-violet ” terms, with 
dispersion-constants, \i^ and Xa®, deduced in- 
dependently of the oogstant 0-010627 which 
Drude had derived from measurements of 
refractive dispersion, and whioh is perhaps 
a sort of ** mean ” of the two constants set 
out above. The increased importance whioh 
is thus attached to the more distant ultra- 
violet absorption-band is counterbalanced by 
a diminution in the influence assigned to the 
infra-red bands ; this is so slight that it is a 
matter of indifference whether it is expressed 
by a term */(\® —78*22) or by a mere constant 
as in the equation now adopted, where the 
infra-red terms contribute only -0-1915° per 
mm. to a rotation whioh ranges from 16*5359° 
per mm. at li 0-6707846 g to 41-5487° at Hg 
0-4358342 g, and 187-225° at Fe 0-2327468 g. 
TMs formula represents the rotations in 
this range with an average error of 0-0007° 
per mm. (or about 0-003 per cent in visual 
readings) for twenty-three wave-lengths, and 
0-003° per mm. (or about the same percentage 


k. 

a. 

(«- a*)10^ 

Li 0-6707844 g 

10-5359 ° 

-4 

Cd 0-64384690 

18-0225 

-n 

Zn 0-63C2344 

18-4786 

~18 

Na 0-6805930 

21-7001 

-13 

Na 0-6889963 

21-7483 


Hg 0-6700659 

22-5455 

-fl 

Cu 0-6782158 

22-6157 

4- 

Hg 0-6769598 

22-7201 

4 

Cu 0-6700248 

2Ji-3101 

-3 

Ag 0-6471561 

25-4318 

4-15 

Ag 0-6466489 

25-4911 

4-7 

Hg 0-6460741 

25-6371 

«..5 

T1 0-636065 

26-6718 

-fO 

Ag 0-6209084 

28-2447 

■f4 

Cu 0-6163226 

28-903(J 

-2 

Cu 0-6106547 

29-4851 

-7 

Cd 0-6086822 

29-7308 

-10 

Zn 0-4810534 

33-5154 

-15 

Cd 0-4799922 

33-6761 

-12 

Zn 0-4722162 

34-8876 

-13 

Zn 0-4680138 

35-5712 

-3 

Cd 0-4678163 

:)5-(M)43 

■\ 

Hg 0-4358342 

41-6487 

10 

A. 

a. 

(ft- rt4)10*. 

Fo 0-6371498 g 

26-448 ° 

- 3 

Fo 0-5232958 

27-9(Ul 

3 

Fo 0-5001880 

30-813 

1 

Fe 0-4780657 

33-830 

-3 

Fo 0-4647437 

36-114 

-4 

Fo 0-4531156 

38-162 


F© 0-4375934 

41-183 

-1 

Fo 0-4233615 

44-289 

4 1 

Fe 0-4118552 

47-068 

1 

Fo 0-3935818 

52-(HWJ 

-4 

Fo 0-3806346 

56-163 

4 3 

Fo 0-3040391 

62-085 

-1 

Fo 0-3486344 

68-586 

— 2 

F© 0-3323739 

76-551 

• 14 

Fe 0-3126661 

88-483 

... in 

Fo 0-2941347 

102-434 


Fo 0-2813290 

114-277 

44 

Fe 0-2070065 

120-200 

■H7 

Fe 0-2413310 

160-661 

4-2 

Fo 0-2327468 

187-225 

4 4 


In this table the rotations arc^ given to 
0-0001 °/mm. for twenty -three wave-lengths, 
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and the deviations from the formula are given 
to the fourth decimal place; rotations are 
also given to 0-001 °/nim. for twenty of the 
eighty iron lines of the standard series, the 
deviations from the formula being given to 


the third decimal. In the case of other series 
of lines the wave-lengths are usually too 
uncertain to give any satisfactory agree- 
ment between the observed and calculated 
values, T. M. L. 
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Radiation, Application of Quantum 
Theory to. Sec “ Quantum Theory,” § (4). 

RADIATION, DETERMINATION OE THE 
CONSTANTS AND VERIEICATION 
OF THE LAWS 

I. Introductory Discussion 

§ (1) Statement of the Laws of Radiation. 
— The derivation of the laws of radiation 
from a uniformly heated enclosure or so- 
called black body are given elsewhere in this 
Dictionary. 1 It is therefore sufficient to say 
that the law of total radiation, generally called 
the Stefan-Boltzmann (2) law, states that the 
total emission of thermal radiation R of all 
wave-lengths passing from a uniformly heated 
enclosure at temperature T^ to another body at 
a temperature Tq is proportional to the differ- 
ence of the fourth powers of their absolute 
temperatures, or 

R=tr(Ti4-To"). ... (1) 

In this formula o* is the coefficient or constant 
of total radiation under discussion. The 
numerical value of this coefficient is of the 
order cr=6*7 xlO"® erg per cm.^ per sec. per 
deg.*. In this paper only the first three signifi- 
cant figures will be mentioned, e.g. <r=6*72. 

That the total radiation from a properly 
constructed and uniformly heated cavity is 
proportional to the fourth power of the absolute 
temperature is amply demonstrated within the 
experimental errors of observation and the 
accuracy of the temperature scale. 

The law of spectral radiation, which specifies 
the distribution of thermal emission intensities 
in the spoctram of tho radiation emitted by a 
uniformly heated enclosure, or so-called black 
body, is best represented by Planck’s (3) 
formula 

• • (* 2 ) 

In this formula the constant C 2 determines, 
to a great extent, the slope of the isothermal 
spectral energy curve. Suffice it to say that 
these laws are based on well-grounded theo- 
retical foundations, and after almost two 
decades of discussion they remain unchanged. 

The object of this paper is to examine 

^ ftee “Quantum Theory,” § (4); “Radiation 
Theory,” § (6); “Pyrometry, Optical/^ § (1), Vol. I. 


into the various instruments and methods 
employed in the determination of these two 
constants, o- and Cg, and to give an estimate 
of the results therewith obtained. 

At first glance the various determinations 
of these constants appear to cover a wide 
range of numerical values. This is especially 
true of the values of the coefficient of total 
radiation, «r, in the measurement of which all 
sorts of lil-conBidered methods have been used. 
Moreover, no corrections were made for atmo- 
spheric absorption of the thermal radiation in its 
passage from the radiator to the receiver, Aa 
will be shown presently, most of these older 
determinations are in remarkably close agree- 
ment with the newer ones, when obvious 
corrections for atmospheric absorption and 
for reflection of the incident radiation from the 
receiver are introduced. 

While no doubt it is desirable to conform 
to strict specifications and methods of pro- 
cedure,' in the ultimate result compromises 
have to be made. For example, it is conceded 
to be desirable to use a black body receiver 
as well as radiator, but most of the receivers 
of this type, thus far used, were usually of 
great heat capacity, hence slow acting and 
subject to errors; whereas the question of 
speed is an important factor in making 
measurements. Each method ha.s some defect, 
but in some oases this is negligible in 
comparison with the accidental errors of 
experimentation. 

The evaluation of radiant energy in absolute 
measure is accomplished by substitution 
methods ; and the fault to be found with the 
various methods thus far employed is that 
they are unsymmetiical in their application. 
What is needed is some sort of quick -acting 
calorimeter in which the energy recovered 
can be compared with the energy supplied. 
But one can hardly expect to make accurate 
measurements on a radiator heated to say 
1000® C. with an instrument that is adapted 
to measure the solar constant. 

It may be noted that in many of the 
experiments which will now be described 
the radiators were operated at temperatures 
which were too low to eliminate- properly the 
correction for temperature (radiation) of the 
shutters, diaphragms, etc., and also for the 
losses by air conduction in the receiver. 
On the other hand, some experimenters used 
radiators operated at a high temperature, 
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thus obviating these difficulties ; but then 
the receiver was a sluggishly acting instrument 
which could not be properly calibrated. To 
F6ry is due the credit for abandoning the idea 
of using a radiator heated to 100° C., and 
adopting a radiator heated to 1000° C. or 
higher. In this manner the radiation to be 
measured is far in excess of the small disturbing 
factors, such as radiation from shutters, 
diaphragms, etc. 

§ (2) DtscTTssroN- of Black Body Radia- 
tion AND Radiators. — In order to arrive at 
an intelligent understanding of what has been 
accomplished in the determination of the 
constants of radiation, and in order to indicate 
the way to future progress in this subject, it 
is important to consider some of the concep- 
tions, as well as some of the most recent 
instruments and methods used in the produc- 
tion and measurement of the radiation 


Fig. 1. 

emanating from a uniformly heated enclosure | 
or so-called black body. 

Every substance has a characteristic emis- 
sion spectrum. On the other hand, the 
emission spectrum of a uniformly heated 
cavity is independent of the composition of 
the material forming the walls of the enclosure. 
It is a function only of the temperature. 

The emission of thermal radiation from, 
and the absorption of thermal radiant energy 
of all wave-lengths entering into the cavity 
is complete. In a material substance this 
can occur only on the short wave-length side 
of a band of anomalous dispersion where the 
absorptivity is high but where the refractive 
index and hence the reflecting power is practi- 
cally — ^for example in quartz (14), selenite 
and aluminium oxide, in the region of 7 to 
10 (jUL—O'OOl mm.). 

Modem conceptions of black body radiation 
are the result of slow development from such 
simple experiments as those of Draper * (4), 
who found that the interior of rifle barrel 
became luminous at a certain temperature ; 
of Christiansen (6), who observed that the 

^ The number (4) and other similar numbers refer 
to the Bibliography at the end of the article. 


scratches and conical-shaped holes in an 
incandescent metal surface were brighter than 
the smooth surface ; and of St. John (7), who 
found that the selective emission commonly 
observed in the rare oxides disappeared when 
these substances were heated to incandescence 
in a uniformly heated porcelain tube. 

(i.) Radiators. — Tho modern uniformly 
heated cavity or so-called black body is tho 
outcome of such observations and facts as 
those just mentioned. It is tho invention of 
Wien and Lummer (8), and, for attaining 
high temperatures, it consists of a diaphragmod 
porcelain tube wound with a platinum ribbon 
which is electrically heated. In the modifica- 
tion used by Coblentz (15) this radiator 
consisted of three concentric porcelain tubes 
A, B, and C [Fig. 1). The inner tube A, of 
Marquardt porcelain, is wound uniformly with 
a platinum ribbon 0*02 mm. in thickness. 

This ribbon is 20 mm. wide in 
tho centre, gently tapering to 10 
mm. wide at the ends in order 
to provide extra heating at the 
ends so as to compensate for 
heat losses by radiation. The 
middle tube B is wound with a 
ribbon of platinum 10 mm. wide 
and 0*02 mm. in thickness. The 
ends are closely wound in order 
to provide extra heating and, 
in this manner, to compensate 
for tho cooling of tho ends by 
radiation. By properly regu- 
lating the current through 
these platinum strips the 
cavity can he heated, uniformly throughout 
the greater part of its interior, as shown by 
Waidner and Burgess (10). The use of 
platinum ribbon instead of thick platinum 
wires eliminates local non-uniformity of 
temperature. The central 25 mm. length of 
the tube A was wound so that one turn of 
the platinum ribbon entirely covered what 
comprises the theoretical black body. 

In radiators of this type tho porcelain tubes 
sag on heating to 1200° C. To overcome this 
difficulty, in the determination of tho radiation 
constants, to be desorihod presently, Coblentz 
(16) placed a wedge-shaped fragment of 
porcelain with a sharp edge R (Fig. 1), about 
2 mm. long, about 26 to 30 mm, to the rear 
of the radiating diaphragm. This support 
causes no local cooling and it preserves the 
life of the radiator. Further improvements 
are made in completeness of the emission of 
the radiation by painting tho walls and tho 
front side of tho radiating diaphragm with a 
mixture of chromium oxide and cobalt oxide. 
Since these oxides become electrically conduct- 
ing at 1200°, the front thermocouple, Th, was 
completely enclosed in a porcelain insulating 
tube, as shown in Fig. 2, B. The short piece of 
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porcelain which lies across the radiating wall 
of the black body was covered with cobalt 
oxide. Since the cobalt oxide did not adhere 
well to the porcelain tube, the latter was 
first covered with a thin layer of iron oxide, 
obtained by wetting the poroelatn tube with 
writing ink which was burned into the tube. 
The cobalt oxide paint was then applied and 
also burned upon the tube by means of a 
blast lamp. After replacing the thermo- 


to refer frequently to the use, or misuse, of 
shields for preventing the receiver from being 
heated by the radiator, and of shutters for 
exposing the receiver to radiation. It is 
therefore important to consider briefly the 
functions of this apparatus. 

The determination of the coefficient of total 
radiation usually consists in noting the heat 
interchange wheri the receiver is exposed to 
two radiators which are at widely differing 
temperatures, say 0° C. and 100° 



C., i.e. ice and boiling water. 
The radiator at the lower tem- 
perature may be and usually is 
used as a shutter. If the tem- 


Top View 



perature of the shutter is lower 
than that of the receiver the 
latter radiates to the shutter. 
Hence it is important to have 
the receiver face a large (say 


1 ^ 0 . 2 . 


water-cooled) diaphragm, main- 


tained at a constant tempera- 


couple, enclosed in this short tube within the 
radiator, the whole interior was again painted 
with a mixture of cobalt and chromium 
oxides. In order to be able to insert the 
thermocouple including the short tube, and 
also to paint the interior of the radiator, the 
first diaphragm (which in the commercial 
porcelain tube has an opening of only 1 cm.) 
was removed {Fig. 2, B), and after making all 
the adjustments another porcelain diaphragm 
was put in its place. 

The cobalt oxide has a high temperature co- 
efficient of absorption, so that it appears black 
on slight heating. Its ^mission spectrum (14) 
{loc. cit. p. 120) is continuous, so that there is 
less difficulty in producing a perfect radiator 
than when the radiating enclosure is of 
white porcelain (17, 18). However, porcelains 
having a low melting-point when heated 
above 1000° emit a far more continuous spec- 
trum than the “ Marquardt porcelain” from 
which are made the black bodies ordinarily used. 

All these tubes, especially the painted ones, 
become electrically conducting when heated 
above 1300° 0. Hence, at the highest tem- 
peratures the radiator should be heated by 
alternating current from a motor generator 
which is operated from a storage battery. 
By this means there is no more difficulty in 
maintaining a constant current than when 
heating the radiator directly by means of 
current from a storage battery. By means 
of a low-resistance rheostat at the observing 
table, the current can be regulated so that the 
temperature of the radiator can be kept to a 
few hundredths of a degree. 

(ii.) Water-cooled Shutters and Diaphragms. 
—In discussing the relative merits of the 
various determinations of the radiation con- 
stants, and in particular the coefficient of 
total radiation, the writer will have occasion 


ture, at the back of which is placed the 
shutter and the radiator. In this manner the 
surrounding conditions, facing the receiver, 
are not changed when the shutter is moved 
in order to expose the receiver to radiation. 

There is no doubt that some of the unusual 
results obtained in the determination of the 
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Fl&. 3. 


radiation constants are owing to the fact 
that the receiver did not face uniform condi- 
tions when the shutter was opened and closed 
in making the measurements. 

Experience shows that the arrangement of 
the shutter should be similar to that illustrated 
in Fig. 3, which particular design of apparatus 
was used by Coblentz in the determination of 
the coefficient of total radiation described on 
a subsequent page. 
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The water-cooled shield employed consisted 
of a tank A, 26 cm. in diameter and 1-6 cm. 
in thicloieas, the radiator, and a tank B .which 
faced the radiometer. The water-cooled shutter 
S {Figs, 3 and 6), consisting of a thin metal 
box 3-6 by 3*6 by 0-8 cm., was operated in 
vertical ways between these two shields. A 
mercurial thermometer was inserted at Th. 
Its bulb was in the water flowing through 
this shutter and was used to measure the 
temperature T used in equation (1). A more 
detailed illustration of a similar shutter is 
giv^en elsewhere (16), and some of the parts 
are shown in Fig, 3. The side of the shutter 
facing the radiometer was smoked in a 
sperm candle, and in connection with the 
conical-shaped opening (painted black and 
smoked) in the water-cooled diaphragm B 
it formed a miniature black body the tempera- 
ture of which remained constant throughout 
a series of measurements. The temperature 
of the shutter was easily kept constant to 
within 0*6° 0. The opening in the diaphragm 
B, which must be accurately known, was 
defined by means of a series of small perforated 
discs of brass 8 mm. in diameter and 1*6 mm. 
in thickness, which were mounted in a recess 
provided for the purpose. These brass discs 
were provided with accurately cut, knife- 
edged holes which varied from 2 to 5*5 mm. 
in diameter. In this manner one could easily 
change the size of the opening which admits 
radiation upon the receiver and thus study the 
effect upon the radiation constant. 

n. The Cobbtioient oe Total Radiation 

It has been shown by Stefan (1), Sohneebeli 
(10), Wilson (11), Lummer and Pringsheim (0), 
Valentiner (12), and others (20), that the total 
radiation emitted from a uniformly heated 
cavity is proportional to the fourth power ^ of 
the absolute temperature. The measurements 
extend over a temperature range of about 
1600® C. They verify the fourth power law 
within the accuracy of the temperature scale 
and the general errors of observation; these 
are small owing to the fact that the measure- 
ments are relative. 

The evaluation of the coefficient of thermal 
radiation in absolute measure is an extremely 
difficult task which has been attempted by 
numerous experimenters whose data will now 
be considered. 

The early determinations of the coefficient 
of emission of a substance {e.g. blackened 
plates, balls of glass or copper) by Lehnebaoh 
(19), Christiansen (21), and others are of great 
historical interest, but they cannot be con- 
sidered in connection with present-day deter- 
minations of the coefficient of total radiation 
of a uniformly heated enclosure. 

^ See “ Pyrometry, Total Radiation,” Vol. I. 


§ (3) Bolometkio Methods of Eleotrio 
Compensation, (i.) Observations of Kmlbaum 
(22). — The first determination of the constant 
of total radiation in absolute value, by a 
method which is free from the gross experi- 
mental errors that are inherent in the work, 
was made by Kurlbaum. 

The principle of the method is as follows : 
Three branches of a Wheatstone bridge 
(bolometer) consist of thick manganin wires, 
which are not affected by a change in current 
through the bridge. The fourth branch 
consists of thin strips of platinum, the resist- 
ance of which is affected by a change in 
current in the bridge. 

Starting with the bridge balanced, the 
bolometer branch of thin platinum, at a 
distance of 18 to 20 cm., was exposed to the 
radiation from a black body at 100° C., and 
the change in resistance (or galvanometer 
deflection) was noted. With the bolometer 
branch shielded from radiation, the bridge 
current was varied until the change in resist- 
ance in the bolometer branch was equal to 
that attained when exposed to radiation. 
In other words, the bridge current was in- 
creased by a sufficient amount to produce 
the same galvanometer deflection os was 
caused by radiation falling on the bolometer 
strip. Prom a knowledge of the change in 
the bridge current, the bolometer resistance, 
etc., Kurlbaum was able to compute the 
energy input. Ho used two very different 
surface bolometers and found very concordant 
values. He found a value of (r=6*32. In a 
subsequent communication (23) he made a 
correction of 2*6 per cent for loss by reflection 
from the platinum black surfaces of the 
bolometer. This gives a value of cr = 5*46. 
Coblentz (24) determined the reflecting power 
of platinum black, and found that, using the 
blackest obtainable deposits, the rofleoting 
power is almost 2 per cent for wave-lengths 
at 8 to 9 An examination of six surface 
bolometers (12 branches or 24 surfaces of 
about 3 by 4 cm. area), purchased abroad, 
showed that all of them had microscopically 
small bright patches of bare ])latinum. Those 
bright areas would increase the loss by reflec- 
tion. From this it appears that Kurlhaum’s 
correction to his work is none too largo. 

(ii.) Observations of Valentiner (12). — ^The 
method of measuring the coefficient of total 
radiation by means of a large surface bolo- 
meter was continued by Valentiner, who found 
quite different values, depending upon the 
blackness (kind) of radiators employed, which 
were heated as high os 1450® 0. For the two 
blackest radiators (the steam-heated radiator 
“ W.S.K.” and the oloctrically heated un- 
blackened porcelain tube radiator “ O.S.K.”) 
be found a value of a- = 6*30. 

In a subsequent paper (26) he made a correo- 
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tion of about 4 per cent for various causes 
(e,g. 1 per cent for lack of blackness of the 
radiator, 2-5 per cent for reflection from the 
bolometer, etc,) giving a value of (r= 5'58- 
No correction was made for atmospheric 
absorption. 

The numerical values of the various deter- 
minations made by Valentiner, upon any one 
radiator, vary by about 3 per cent, which is 
greater than the effect of atmospheric absorp- 
tion in a space of 30 to 50 cm. However, 
when using a larger porcelain tube radiator 
(12), “ G.S.K.,” the distances were longer 
than usual (being respectively 89 and 125 
cm.) and the effect of absorption seems 
unmistakable. The value of the radiation 
constant is about 2 per cent smaller for the 
greater distance, t.e. an increase of 35 cm. 
in optical path introduced an absorption of 
about 2 per cent. 

A conservative estimate of the correction 
to Valentiner’s data for absorption by atmo- 
spheric water vapour and carbon dioxide is 
2 to 3 per cent. This increases Valentiner’s 
value to o-=5'68 with a possibility of the value 
being as high as <r — 5*76, which is in remarkably 
close agreement with the various determina- 
tions made by other methods. That a correc- 
tion of not less than 1 per cent is to be applied 
to those data is indicated in Gerlaoh’s (33) 
recent work on atmospheric absorption of 
black body radiation. 

The surface bolometers used by Kurlbauip 
and by Valentiner consisted of two grids of 
thin platinum foil, placed one back of the 
other, with the edges overlapping. In this 
manner a continuous surface is formed, but 
part of the rear bolometer strips are shielded 
from the radiation incident on the front 
strips. The operation of the receiver is 
unsymmetrical. Gorlach (28) has discussed 
the effect of this overlapping, and has shown 
that in some cases it might lower the value of 
the observed radiation constant by a very 
considerable amount, Coblentz (27) has found 
that using one bolometer strip back of the 
other, 50 per cent of the energy, incident 
upon the first receiver, is re-radiated to the 
rear one. In the reverse process, of heating 
the strip electrically, this effect would enter 
symmetrically and a low value would result. 

It was found by ICurlbaum and by Valentiner that 
the rate of temperature rise was different when 
heating the bolometer by absorption of radiation 
and by clocbrioal heating. The low values of the 
radiation constant obtained by Valentiner are 
explained ( 28 ) in part as the result of reading the 
galvanometer dofleotion before temperature equili- 
brium was fully attained. 

Callendar (30) has described surface bolo- 
meters which would overcome some of the 
defects of conduction, etc. However, using 
radiators at 600° to 1000® C., there is no need to 


employ such large receivers with the unavoid- 
able defects just noted. 

(iii.) Observations of Gerlach (31). — The 
following method is not exactly bolometrio in 
principle, but it may be considered at this point 
sinoe its virtues have been under discussion in 
connection with the results obtained by the 
bolometrio methods just mentioned. Gerlach 
determined the constant of total radiation, 
(T, by a modification of Angstrom’s eleotrio 
compensation pyrheliometer.^ In the ori^al 
pyrheliometer of Angstrom (32) the receivers 
are two thin narrow sheets of manganin to each 
of which is attached one junction of a thenno- 
element which is joined through a galvano- 
meter. One of these manganin strips is ex- 
posed to solar radiation. Through the other 
manganin strip is passed an electric current 
of such strength that it is heated to the same 
temperature as is the receiver which is exposed 
to solar radiation. The equality of temperature 
is indicated when there is no current flowing 
through the galvanometer. 

In the instrument as used by Gerlach (31) 1/he 
receiver consists of hut one strip of manganin. 
At the back of this manganin strip and close 
to it is a thermopile of 45 elements (joined 
through a galvanometer) which is heated by 
radiation from the strip, thus differing from 
Angstrom’s device, in which a single thermo- 
junotion is heated by conduction from the 
manganin strip. The object of using many 
thermo -junctions is to integrate the radiation 
from the whole strip, thus eliminating any 
irregular heating caused by inequalities in the 
thickness of the receiver, which was blackened 
eleotrolytioally with platinum black. The 
manganin strip is heated electrically to tho 
same temperature as that attained by the 
strip when exposed to the radiation from a 
black body, which was heated by steam. 
From a knowledge of the resistance of the 
strip and tho electric current the energy input, 
and honco the value of the radiation constant, 
is determined. 

Gerlach experienced some difficulty in deter- 
mining when ho had exact compensation when 
heating tho receiver electrically and radio- 
metrically. Covering the sides of the receiver 
with knife-edged slits had no effect upon the 
radiation constant ; but shielding the ends of 
the manganin strip from radiation caused the 
value to increase from <r= 5*83 for the unshielded 
ends to a constant value of <r“6*14, when the 
shields covered 1*5 mm. or more of the ends 
of the strips. This is caused by heat conduc- 
tion from the receiver to the heavy copper 
electrodes. In practice he exposed the whole 
length of the receiver to radiation, claiming 
that the heat conducted from the ends is the 

^ For an account of this and some others of the 
Instrumonts referred to sec Vol. HI., ‘*Iladiant Heat, 
Instruments for Measurement of." 
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same when tho metal strip is heated radio- 
metrioally and eleotrioally. This appears to 
be the weak point in the device. In the 
instrument used by Coblentz (20, 29) this 
difBoulty was eliminated by placing the 
potential terminals on the receiver, and at 
some distance from the heavy electrodes. 
This seems to be the logical way to use such 
a receiver. 

The work of Gerlach aroused considerable 
discussion among experimenters previously 
engaged on this same problem. This brought 
forth a very considerable amount of laborious 
experimental work by Gerlach (35), in which 
he showed that his apparatus gave the same 
values when operated by Kurlbaum’s (22) 


Gerlach’s determination is one of several, 
which should bo a convincing demonstration 
that the extreme values of <r=5‘3 to 6-6 are 
subject to correction, in so far as the correc- 
tions can be determined. 

(iv.) Observatiom of Coblentz (20, 29, 39). — 
This research was undertaken after a study of 
the instruments and methods used in the earlier 
determinations, and an effort was made 
embody the good features and eliminate the 
defective ones previously employed. It is 
therefore proper to discuss the work in con- 
siderable detail. 

In designing the apparatus an attempt was 
made to embody black body conditions in the 
radiator, Fig, 1 (including the shutter, Fig, 3), 
and the receiver. 



The lack of blackness of the 
radiator has been discussed by Wien 
and Lummor (8), who give a method 
for computing the correction for the 
opening in the radiator, on the 
assumi)tiou that the enclosure is 
spherical and diffusely reflecting. 
The amount of energy tliat can 
escape by diffuse reflection through 
the opening is determined practi- 
cally by the size of the opening as 
compared with the total area of 
the interior of the radiator. In the 
porcelain tube radiator used hero 
the interior is unifomily licated over 
a length of 8 to 10 cm. However, 
for the purpose of tlio present com- 
putation, a length of only 2-6 cm., 
which is defined by the first ’dia- 
phragm, is considered. The area 
of the enclosure is 37*0 cm.® and 


Fig. 4. 

bolomctrio method as when operated by his 
method. 

In subsequent investigations Gerlach deter- 
mined the effect of atmospheric absorption (33) 
and of blackening the receivers (30) upon the 
radiation constant. He operated the radiator 
at higher temperatures (to 450® C.), but the 
radiometric apparatus remained the same as 
in the earlier work. With this outfit his new 
value (37) of the oooffioient of radiation, un- 
oorreoted for reffeotion of radiation from the 
receiver and for atmospherio absorption, is 
(looidedly lower than that which ho had pre- 
viously obtained under similar conditions, 
being of the order (r=5-6 to 5*7, Applying a 
correction of about 1-7 per o'ont for reflection 
of platinum black as observed by Coblentz (24) 
and depending upon the temperature of the 
radiator, a oorrootion of 0*2 to 1*2 per cent for 
absorption of OO 2 , the mean value of 52 inde- 
pendent sets of measurements is (r=6-85. In 
a recent discussion of his' data Gerlach (102) 
places his value at <r=5'80. 


that of the opening is 3*1 cm.®. 

On the basis that the reflecting 
power of the interior of the painted radiator 
is 7 per cent {loc. cit. (20), }>. 523, Table 3) 
the loss of energy by diffuHo reflection 
through the inner diaphragm is ()*(13 per 
cent. Using an un])ainte(i Marquardt por- 
celain radiator the coefiiciimt of total radia- 
tion is decroasocl by about 1 per cent 
{loc, cit. (29) p. 571), showing that the 
question of lack of blackness of the radiator 
is important. 

For a receiver (40) it was dcci<U‘d to use 
a modified Angstreim pyrheliometcT (32) em- 
bodying novel features which hatl not yet 
been tried by others. In ord(T to reduce the 
heat capacity of t-lio mauganin rc(‘civcr Th, 
Fig. 4, and }>rovide better insulation, the 
thermopile of bismuth and silver, having a 
continuous receiving surfacio, was placed a 
short distance back of the receiver as shown 
in E, Fig. 4. The apx)aratus used by Gerlach 
embodied this same idea. 

The crucial and novel part of the ai)paratiis 
was a receiver B, Fig. 5, with potential ter- 


RADIATION 


647 



minals PP attached thereto, at a sufficient 
distance from the ends to avoid the question 
of heat conduction to the electrodes. These 
potential wires, which were from 0*003 to 
0*025 mm. in diameter, accurately defined the 
length of the central part of the receiver which 
was utilised in the measurements. By 
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exposing the whole length of the receiver to 
radiation, conduction losses from its end do 
not enter the problem. 

The effect of the presence of the potential 
terminals was determined (20) (by using a 
third terminal P') and found negligible, viz. 
0*3 per cent. The method of finding the ! 
difference of potential between two 
terminals attached to the receiver ^ p 
seems more certain than to find the 
difference of potential between two (Kil "pB 
heavy electrodes as used by Ger- I H 
laoh (31). ^ 

The operation of this type of 
radiometer, with a hemispherical r* 

mirror placed in front of the receiver 
(20, 24, 38), may introduce errors 
when the receiver is heated by elec- 
trical means. Hence, after conferring 
with specialists in geometrical optics 
who were in agreement with the writer’s opinion 
that a reflecting enclosure is likely to introduce 
errors, the receiver was used without the hemi- 
spherical mirror. Subsequently this mirror 
was employed in a separate experiment to 
determine the diffuse reflection (24) from lamp- 
black and platinum black, and finally in deter- 
mining the loss by reflection from some of the 
receivers actually used in the observations. 
Hence, the loss of radiation incident upon the 
receivers was probably aceounted for as 
accurately as it would have been by employing 
a “ blackening ” device in front of the receiver. 

In order to test the question of the accuracy 
of the corrections used for eliminating the 
loss by reflection, a series of observations was 
made on one receiver. In this test the slits 


in front of the receiver, and all other conditions 
remained unchanged. The only variation was 
in smoking the platinum black receiver with 
a sperm candle after making the first set of 
observations. The reflecting power of plati- 
num black is taken to be 1*7 per cent (39) and 
that of lamp-black 1*2 per cent. The respec- 
tive determinations, after correcting for energy 
lost by reflection, were <r== 6*822 and 0 *= 6*814. 
They differ by only about 0*1 per cent, which - 
is very satisfactory, and shows that the reflec* 
tion factors were well determined. 

The assembled apparatus is shown in Fig. 6, 
in which A and B are the water-cooled dia- 
phragms, S the shutter (see Fig. 3), F the 
radiometer, and D the telescoping diaphragmed 
tubes enclosing the optical path from which 
the moisture was removed by means of phos- 
phorus pentoxide P. Subsequent tests showed 
that in this outfit the effect of atmospheric 
absorption was less than 0*1 per cent (20), 
which conclusion is substantiated by recent 
measurements made by Gerlach (33). 

The thermopile was connected with an un- 
usually well shielded iron-clad Thomson gal- 
vanometer of special design (38, 41), which 
served merely as a null instrument to indicate 
the rise in temperature of 
the receiver when exposed to o 

radiation and when heated O jl 

electrically. | f " T 

The method of observation rirfllj \ ir * 

consisted in exposing the n !! ji |i | | 
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receiver to radiation and noting the galvano- 
meter deflection ; then in heating the strip 
electrically to give, within 1 per cent, the 
same deflection. The measurements of the 
electric power put into the strip were made 
with the same potentiometer used in measuring 
the temperature of the radiator. No difficulty 
was experienced in determining temperature 
equilibrium on heating the receiver by radia- 
tion and by electrical means. 

The exact amount of energy necessary to 
cause the same deflection as that produced by 
absorbing radiant energy is obtained by multi- 
plying the observed energy input by the ratio 
of the galvanometer defleotions. This gives 
the “ constant ” of each receiver. In order 
to reduce all the measurements to a common 
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basis, and at tbe same time obtain a value of 
the coefficient, or the so-called Stefan-T3olz- 
mann constant, of total radiation, the custom 
of previous experimenters was followed in 
reducing the data. For this purpose it is 
necessary to know the area of the water- 
cooled diaphragm, the area A 3 of the receiver 
which is exposed to the radiation emanating 
from Ai, the distance D between these two 
surfaces, the absolute temperature of the 
shutter, and the absolute temperature T 2 
of the radiator. The eleotn’cal energy input 
necessary to produce the same (galvanometer 
deflection) rise in temperature as was produced 
by exposing the receiver to the radiator is El, 
both of which quantities are measured with 
the potentiometer as already described. Under 
these conditions the energy consumed by the 
electrical stimulus may be equated to the 
energy emanating from the radiator, or 

EI=?(T,*-Ti‘)^*, . . (3) 


The value obtained for the coefficic^ni of 
total radiation, after applying the (•orr<‘('tii>u« 
just mentioned, is 

(r=(5-722d:0*012) x lO"^* watt cm."* deg."*. 

No correction was made for alworption by 
atmospheric carbon cli(»xido, wliicii wns found 
to bo less than 0-1 per cemt. According to 
Gerlach’s (32) incasnroments this might jx^r- 
haps amount to 0*1 or 0*2 |ht c(»nt, thus 
increasing the value to or r>*73. 

Tho method of operation is unHynurudricHl 
in that, when tho meeiv<*r in ('Xposixl to nuUa- 
tion, the heating is pnKlutuHl in the lamp- 
black surface, whiUn in piiHsing an elect rie 
oxirrent through the strij) tlie heat in generatexl 
within tho receiver. Howevt^r* frtun data 
obtained with rooeivern <UfTering 10 titt^t^» in 
thickness, and covered with diffi^mnt kirnls niul 
thioknosBOS of absorbing material, it apjtears 
that the manner of heating the n‘Cf*iver has 
but little ofloot upon the final rtwilt. 


where «r is the coefficient of total radiation, 
B is the voltage, and I is the current. 

Usually the distance between the two surfaces 
Ai and A 2 is so close that experimenters have had 
to apply a second term oorrootion (42). In Qer- 
lach’s (31) work the oorrootion applied was 


AjAa/, 

\ 6 D® 


. (4) 


where the sides of the openings in tho rectangular 
diaphragms wore a, 6, a^, 6^, A shorter correction 
factor is 




. ( 6 ) 


which reaulto from neglecting the effect of tho first 
diaphragm, which was very small in tliis work. In 
either case this second term oorrootion is quite 
negligible in the present investigation, since it 
usually amounts to less than 2 parts in 1000. 

The radiator was operated at a temperature 
of 8 (X)® to 1100 ® C., within which range the 
temperature scale is quite well determined. 

To the data obtained with 10 receivers, a 
correction of 1*2 per cent, for losses by reflec- 
tion, was applied to measurements made with 
receivers covered with lamp-black (soot) and 
a correction of 1*7 per cent to measurements 
made with receivers covered with platinum 
black. The reflection from a receiver covered 
with platinum blaok, then smoked, is 1*2 
per cent. As just mentioned, these corrections 
were determined by direct measurements upon 
some of the receivers used in this investigation 
and by comparison of the surfaces of the other 
receivers with samples of lamp-black whose 
reflection losses had been determined in a 
previous investigation (24). 


For any one r(*coivor, untlt'r 

conditions, the procisirui nUntruHl is ummlly miirh 
hotter than 1 per ('ont, For the (Uffrn’ut nritiviTM 
tho maximum range in the value* of <r i« of the onler 
of 1*5 to 2 per cent^ 'J'Iuh w*emH t(» In* imle{Huubnit 
of tho lengtli and width of the rweiver, unt{ of Ihi* 
kind of nlita uh(h1. TIu^ neouraey attair«*d with this 
method of evaluating en(*igy in nl»«»lufe tm 

estimated by the departnrt* <tf inilivklual 
minations from tho moan vnlue, «pix*ar»* tt» lat i»f fh«* 
order of 1 per (‘ont. To thix e.xtent fnie <'an cnwiahirr 
ffio prcflont devioo a primary inatrumont for iwnltut* 
ing radiant energy in af>iMdut<' mmHum, 

(v) Of>.9ervationA 0 / Kdhanoxvin (44).- TTic* 
apparatus used by Kahnnowicy. is iw^cmtiiilly 
a modification of the Angstrdin pYrhoH<»rm*tf*r 
(32). ^ 

Tho receiver was placuxl at the of a 

ai)horioal mirror with an o|K‘nitig in om* null* 
to admit ra<liation. In this mimnor the ror* 
roction for rcfloction was eUndniittxi. 'Htn 
shutter was close to th(' mvivr^r. If it^ 
temperature was diffen^nt front that of th«^ 
water-cooled diai>hragm, which was iK^fon* thi* 
radiator, errors in tho rndiati»»n inonHim»merit#^ 
would occur. As mentiomMl olm^wlim^ in thin 
paper, tho shutter should l)c phic«*(I lwdw<x*ti 
the wa^r-cooled diapliragm and the mdiatf^r, 
to avoid a change in th<* mtrrottndings facing 
tho receiver wlien the shtitt^T i« raimni for 
making tho radiation measun^nunils. 

Tho temperatun^ nmge was frtmi HiMT tn 
630® C. Tho ditttanrte from Ih** radiatrtr 
the receiver was 35 to 55 cm. A nericH f»f 2H 
measurements gave an averages valtie «♦( 
<r=5*61. Of this nunil)er 11 gave a value of 
ftericH of 4 nteamirtmtenfn 
made in peoember 1910 (lower Imnildity), 
with the distanoo cm 60 om., 3 gave a valui'i 
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A recent detormination, using temperatures 
ranging from 266° to 1076° C., gave a value of 
(r = 6*6L 

No corrections wore made for atmospheric 
absorption, which for the temperatures used 
is not negligible. In a previous paper {loc. 
cit. (20), p. 576) it was shown that on removing 
the moisture (vai)our pressure of 10 to 12 mm.) 
from a column of air 52 cm. in length, the 
radiation constant was increased from o-=5-41 
to 5*65, or about 2-6 per cent. The vapour 
pressure at Naples is considerably higher than 
at Washington. From these (39), as well as 
Gorlach’s (33) data, it appears that the cor- 
rections for atmospheric absorption should bo 
at least 1 per cent. For the temperatures 
at which the radiator was operated, a con- 
servative estimate of the correction to the 
radiation data obtained by Kahanowicz is 1*6 
to 2 per cent, resulting in a value of at = 5-69 
to 5*72. In other words, the Naples value of 
the coefficient of total radiation is comparable 
with other recent determinations which indi- 
cate a value of <r = 5-7. 

(vi.) Observations of Pitccianti (43), — The 
method of operation is just tho o})posito of 
that usually employed, and in vi(»w of the 
small radiant energy exchanges involved in 
comparison with the transfer of energy by 
heat conduction and by convection, this 
may perhaps bo tho weak point in this 
method. 

Puccionti constructed a bolometer in tho 
form of a black body, which is kept at room 
temperature. This black body is really tho 
radiator. The other black body (which is 
really tho receiver), instead of being at a 
higher temperature, as usually is tho case, is 
at the temperature of carbon dioxide, snow, or 
of liquid air. He measured tho olootrio power 
which had to bo to the first blacsk 

body to k(*<q) tlu^ tomi)eraturc constant in 
order to eomijcnsato for the energy lost by 
ratliation to the second black body. He very 
ingeniously <ionstructod two bbw^k-body bolo- 
meter braiudies exactly alikes the one to be 
exposed to tlu^ cold receiver and tho other to 
be prot(‘ctt«l from it. Ka<^h of thew^ bolometer 
branches ('onHisk'tl of a vi'ssel of 0*1 mm. sheet 
copper having the form of a cone and a 
frustum of a cotie united at the bases as 
shown in and Hj, Fuj, 7. The lengths 
were 12 cm. ; the maximum internal diameter 
was 4 cm. The inU^mal surface was smoked. 
Tho external surface was polished, and upon 
it was wound two thin insulated wires. One 
of those wires, of iron, formed tho bolomotrio 
braiudi, and the other wire, of manganin, was 
used as a luxating resistance, Tho other two 
brantihes of the bolometer bridge wore formed 
of resistance coils and tho whole was oon- 
netdtMl with a galvanom©t<r and storage 
battery as in any ordinary bolomotor. Tho 


two sensitive black-body branches of tho 
bolometer were in an evacuated vessel 
which was kept in a tank of water. 

Tho receiver was a blackened glass bulb Ni 
immersed in liquid air, and tho bolometer 
was allowed to radiate 
to this receiver. The 
constant K. of the instru- 
ment was determined 
from the diameters of 
tho diaphragms and 
Da, A correction was 
made for the energy 
interchange between 
those two openings (42). 

Puccianti assumed 
that tho shutter and tho 
bolometer branch Ba 
wore at tho temperature 
T of tho water bath. 

Tho resistance R of tho 
manganin healing coil 
surrounding the bolo- 
meter branch Ba was 
determined. In the 
course of the test 
Puccianti measured tho 
voltage E, which was 
necessary for compensa- 
tion to prevent tho 
bridge from being un- 
balanood when the 
branch Ba was exposed 
to the rocoivor Njl at tho temperature Tq- 
He obtained a value of or =s 5-96. 

Tho mothoil is an ingenious variation from 
tho usual proooduro. Tho apparatus should 
have been constructed so that both bolometer 
branches could liavo boon used as radiators. 
From tho illustrations it appears that radiation 
from one branch could fall upon tho other, 
whuih would introduce errors. Another un- 
certainty is tho temperature and tho manner 
of operation of tho shutter. Tests might have 
boon made to determine whether tho bolometer 
remained balanced when a heating current 
was applied to both branches, without allow- 
ing one branch to radiate to the' receiver. 
Furthermore, to repeat tho heroin oft-men^ 
tione<l device, a heating coil should have been 
inHerto<l tc^mporarily within the radiator to 
deU^rmino tho energy input as compared with 
the energy input required in the outer heating 
ctiils in order to maintain a balance. The 
device, as used, is unaymmetrioal in that the 
heating coil is not in tho proper place to 
operate most eificiontly. Prom this it appears 
that the constant should bo smaller than that 
indicated by his moasuromonts. 

§ (4) TmcRMOMBTiiro Mbtiiods with 
“ Black ” Rkortvkes. (i.) Observations of 
Fky (45). — In order to eliminate tho question 
of reflection from the surface F4ry (46) made 
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a series of determinatioas of the radiant con- 
stant (T, by means of a thermojunotion, formed 
into a long conical-shaped metal receiver which 
was blackened on the inside. On the outside of 
the cone, and insulated from it, was wound a 
heating coil of known resistance for caUbrating 
the receiver. This was done by noting the 
temperature rise (galvanometer deflections) 
with the energy input, in watts. The receiver 
was then exposed to an eloctrio furnace which 
was heated to various temperatures from 
600® to 1200° 0., and the corresponding gal- 
vanometer deflections were observed. He 
obtained a value of (r = C*30. 

(ii.) Observations of Fery and Drecq (40). — 
The work was undertaken anew by P6ry and 
Drecq (46), the receiver being a cone of brass, 
having an aperture of 30°, placed within a 
large sphere of brass which was surmounted 
by a glass tube with a capillary 1 mm. in 
diameter. The large brass sphere was filled 
with alcohol, the whole forming a thermometer 
in which 1 mm. rise in height of the column 
in the capillary indicated a rise in temperature 
of 0-006°. Surrounding the outside of the brass 
case was a coil of wire through wliich an 
electric current was passed and the energy 
input noted which caused the same tempera- 
ture as that produced by exposing the opening 
of the cone to the radiator. They found a 
mean value of <r=6-61, which is the highest 
value yet obtained. The relative values ob- 
tained with the instrument show a fair con- 
stancy over the whole temperature range, 
which extended to the melting-point of gold. 
However, the same is true of Valentiner’s 
values determined by the bolometrio method. 
It indicates that there is some constant factor 
which is not eliminated and which causes a 
high or low value. 

Various suggestions have been made as to 
the cause of their excessively large values. It 
appears that part of the difficulty lies in the 
unsymmetrical way in which the instrument 
is operated. It is calibrated by a heating coil 
which is in connection with the alcohol (or 
air, in the first case) and can warm the latter 
by conduction and by absorption of radiant 
energy. On the other hand, the incoming 
radiation must be transformed by absorption 
in the cone and then reaches the alcohol 
principally by conduction. As a result of this 
type of calibration, the apparent value of the 
radiation constant is higher than the true 
value. The weak point Hes in not having the 
heating coil within the receiver, which should 
be so constructed that but little, if any, of the 
entering radiation, or the energy radiated 
from the heating coil, can escape through the 
opening in the receiver. This might easily 
have been done by forming the receiver into 
a double-coned receiver, such as was used by 
Pucoianti. However, even with all these pre- 


cautions, this type of receiver does not appear 
satisfactory. 

Another determination of this constant was 
made by F4ry and Drecq (47) in which the 
radiations from an electric furnace fell upon 
a strip of platinum (area 30 by 65 min. and 
0-03 mm. in thickness), blackened elcctro- 
lytioally with platinum black. The radiation 
measurements were made by sighting uj)on 
the front and the rear surfaces of tlio platinum 
strip by means of a Fery pyrometer, the angle 
of incidence being 48°. Their new value of 
the radiation constant was cr = 0-2. The 
measurements upon the posterior surface 
resulted in a value of a- =5-67, which is said 
to correspond with the measurements on the 
anterior surface made with piano receivers. 
If we correct the latter value by (the round 
number) 2 per cent for reilection (24), we 
obtain the value fr=s6-08, which is of the same 
magnitude as observed by the writer. Tliis 
new determination of cr by F6ry and Drecq 
appears to have been made defective by their 
reduction of the original observations; for 
example, they claim that the coefliciont of 
absorption of the receiver was only 0-82 to 
0-84, which seems imx)osHible from numerous 
and diverse experiments on the difluso re- 
flecting power of platinum black made by 
others. Attention has boon called tt> this fact 
by Bauer (48), who placed their value of <r 
between 6*1 and 6-8, and, by making a correc- 
tion of 2 per cent for reflection, deduced a 
value of or =5-68. 

In all of the foregoing methods the data arc meagre 
as to elimination of the various ern)rs which may 
occur. For example, a source of error may arise in 
dotormining the power put into tht‘ platin\im strip 
used in the last method. Anoih(‘r important sonroo 
of error lies in tlio manner of operation of the wat(‘r- 
coolod shutter, which should bo placed botw<H>u tho 
water-cooled diaphragm and tlu^ radiator. 

(iii.) Observations of Hauer and Moulin (40). — 
In order to obviate the difficulties encountered 
by F6ry and Drecq (47) in ealihmting their 
conioal-shaped rocoivors, Batier and Noulin 
calibrated their receiver (which was a Ft'Ty 
pyrometer) by sighting it u]K>n a strip of 
platinum, heated to diiTerent temperatxires by 
an electric current. In ord(‘r to d<^termine tho 
amount of radiant energy falling tip<m tho 
receiver it was nccoasary to (diniinate the 
losses from tho strip by eondiu^tion and con- 
vection. For this purposes the platinum strip 
was heated in air and in a vacuum, the pow(*r 
consumed being determined for a definite 
length of platinum, dofmed by pohmtial 
terminals welded to tho strip. Having cali- 
brated the promoter by noting the galvano- 
meter deflections for the various amounts of 
energy (in watts) put inti") the platinxim strip, 
they sighted the pyrometer upon a black body 
heated to various temperatures and noted t-ho 
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galvanometer deflections. Their first an- 
nounced value was <r=G-0. However, as in 
numerous other oases heroin cited, errors were 
introduced in the final reduction of their data. 
They had observed the radiation omitted from 
the platinum strip at an angle of 13® from the 
normal and a])pUed a correction (50) of about 
12 per cent, whioli reduced their value to 
<r=5*3. This correction is recognised to he 
much too large (48), so that their value of the 
radiation constant lies between <t = 5*3 and O’O. 
They made no correction for atmospheric 
absorption, which would increase their value 
from flr=5-3 to or 5*7. In an earlier 

oommunicjation on the solar constant, Bauer 
and Moulin (Zoc, cit, (50), p. 1(J58), using an 
Angstrom pyrheliometor, found the value 
<r=5-7, 

(iv.) ObserotUiona of Pmiianti (51). — In a 
continuation of his investigations, Puccianti 
gives a determination in absolute measure of 
the radiation of a black 
body in which the 
tomj)oraturc change is 
measured by means of 
a toluene thermometer, 
the bulb of which is 
formed into a hollow 
cone that is allowed 
to radiate to a black- 
body rc^ceiver, which is 
at the t(mp<»raturo of 
liquid air, The moasuro- 
mont is made by com- 
ponsating the heat lost 
by the ih(^nnomot(^r 
by the application of an electric current. 

Tiio nppamlius not bring <liir(*rontial in con- 
stniotion, tlie ttnupc^raturo of tho wut<‘r bath had to 
bo lc(‘pt rigorously eomtant in order to have iho 
moniKcuH of tho thermomoter move slowly and 
regularly, Th<^ n^spoiwo of tlui ny>pamtus was, of 
oourws slow and sluggish, whioh is a common 
property of this typt^ of (radiator), so that 

it n^piinyl fn»m four to eight nunutes to obtain a 
lueasurement 

The Hiinn^ tTitieisms api>ly to iliis inst-rument 
that have Ixmui mentioned in the eruder form 
of tluTinometer used by bViry an<l l)nMK| (45). 
The <mergy for eompenHation is suppliod by a 
heating <toil which is in contact with the liquid 
(a good s(ihemo in so far as it afiplies to 
heating tlu^ Iwiuid) and on the side of the wall 
of the n^eoiv<^r opposite tt> that upon whUdi the 
incoming racliations itnpingo. The arrange- 
ment iH tlu^refore unsymmetrieal. Tlie heat 
of compensation shoxild have been sup] died 
by a noil insei’tiHl within tht» roeoivor, provision 
being made that little or none could oscapo 
by r(^fle(‘,tion and by dire<it nwliation through 
tho optnuTig. In tins manner tho e-ondition of 
symnudricml heat intorchangos would have 


been the most closely fulfilled. Tn tho instru- 
ment as used tho opportunity for oscaj)e of 
energy scorns greater, so that in csomi)C‘UHation 
there is a tendency to produce a value which 
is higher than tho true value for radiation 
unaccompanied by conduction. By j)lacing 
the heating coil within tho receiver and using 
a high tomporaturo radiator, Pucoianti’s device 
should bo a])]>Ued in tho manner recently used 
hy Kocno (52). 

Puccianti considered the ])recisi<>n of this 
method as high as that of the bolomotric 
ap])aratus, hut tho sensitivity of tho thermo - 
luotric apparatus was very much inferior 
to that of iho bolometer. Nevertheless, he 
seems to prefer the thermomotric, method in 
spite of its small sensitivity. Uo assigucMl a 
value of 0*00 <(r< 0*3, and his intormediato 
value is (r~ 0*15. 

(v.) Obacmitiona (f Keene. (52). — ^'.riie most 
recent determination of the constant cr is by 
Keene. Tho radiator 
oonsiwtod of an eleetrio 
furnace which could 
1)0 heated to lOOD® (1. 
The receiv(^r consistod 
of a hollow spherical 
doublo-wallod ther- 
mometer bulb provided 
with a small aperture 
in its side to admit 
tho rtwliation to bo 
measured, as shown in 
Fig, 8. Tho space 
between tho walls is 
filled with aniline, 
•which served as thermometrie substance, 
its exi)anHion being observed in a capillary 
tube in the usual way, 1 mm. tlivision 
^•..(HHH)5° 0. 

In order to eliminate the effeot of the 
variation of room tein|)erature, two siudi 
Ihennometers were used diih^nmtially, radia- 
tion btnng admiUetl into (me of them, the 
dilTerential efTeet giving a motisurci of the 
energy Hui>plied. I'he intt^rior of the bulb 
WH^civing the nidiation wiis provider I with 
an el(Hdrie heating e.oil for the pur|)t)He 
of calibration. His paper contains tho 
(lerivatif)n of an exact expression for tho 
energy interehango botwoeux two radiating 
coaxial einmlar openings ; for he found that 
the ai)i)n>ximaU^ formula which is ordinarily 
used when distaiuso between the open- 
ings is large was not a(jeuratt> enough for 
the work. 

His value of tho radiation constant is 
(rrn:5-H0. 

Tho receiver and tho radiator being close 
together, ami the time for attaining tempem- 
ture equilibrium being mther long, there is a 
})0Hsibility of diffusion of hot gases into tho 
receiver when tho shutter is raised for obaervn- 
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tdons. This would tend to give a high value. 
It would have been interesting to determine 
if it would have required less electric power 
in the heating coil, provided the opening in 
the receiver had been closed with a reflecting 
cover to prevent escape of heated gases, while 
calibrating the device. 

§ (5) Indirect and Substitution Methods. 
(i.) Observations of Shakespear (53). — His value 
of the constant a- is obtained by a method 
which is based upon the principle that a 
heated body in air, in surroundings at a lower 
temperature, loses heat (a) by conduction, 
(6) by convection, and (o) by radiation. If 
the rate of loss by a body be observed in two 
oases, the only diflerence being that the 
emissivity of the radiating surface varies, 
other conditions remaining the same, it is 
quite correct to assume that the losses (a) and 
(6) will be the same and that the difference 
between the observed rate of loss of energy 
in the two cases is due only to the difference 
in the losses by radiation. If, now, these 
two different surfaces, at the temperature of 
boiling water, be exposed in turn to a radio- 
micrometer at room temperature, we obtain 
the ratio of the rates of the energy radiated 
by the two surfaces. 

In the experiments, a plate of metal with 
a silvered surface was heated electrically to 
lOO® 0. and close to it was another plate, 
blackened with soot, which was cooled with 
water. Between the plates was air at atmo- 
spheric pressure. Shakespear measured the 
energy input in order to maintain the plate 
at 100“ when (1) the surface of the plate was 
highly polished, and (2) when it was blackened. 
Ho measured also the ratio of the emissivities 
of the plate under these two conditions, using 
a radiomiorometer for the purpose. From 
this he obtained a value v' in absolute units. 
He then compared the emissivity of the lamp- 
black surface at 100° with that of a black 
body at the same temperature by means of a 
radiomiorometer. From this latter compari- 
son combined with the value of o-' he found a 
value of <r— 5'67. , 

From this description it may be noticed 
that the essential parts of the method differ 
from that of Westphal (561 in that the radiator 
was a flat metal plate used in air instead of a 
vacuum, and that the black body, with which 
the emissivity of the plate had to be measured, 
was separate from it; while in Wostphal’s 
instrument the black body was self-contained 
within the metal (in the form of a cylinder) 
of which the emissivity of the surface had to 
be measured. 

(ii. Observations of Todd (54). — In his ex- 
periments on the thermal conductivity of gases, 
Todd used a thin layer of air enclosed between 
two horizontal, parallel, good - conducting 
plates, which were maintained at different 


temperatures. The colder plate, of course, 
receives heat by radiation and by conduction 
through the air from the hotter plate, which 
is above it. Communication from the sur- 
rounding air is shut off by an insulating ring, 
and the two plates being close together, in 
comparison with their linear dimensions, the 
convection currents are eliminated. He de- 
termined the energy lost by radiation by 
varying the distance x between the two plates 
and noting the corresponding variation in the 
quantity Q of heat passing from the upper to 
the lower plate. These values of x and Q 
when plotted from a rectangular hyperbeda 
and the horizontal asymptote give the value 
E of the radiation. The energy input was 
determined by a calorimetric method. In 
order to determine the constant a- lio had 
simply to find the ratio of emissivities of the 
blackened plate to that of a black body at the 
same temperature, for which purpose a radio- 
micrometer was employed. The value of this 
ratio and the constants obtained in the main 
part of his experiment enabled him to compute 
the radiation constant, which ho found to bo 
(r=6‘48. 

This, like the preceding method, is likely to 
give a low value of the coefficient of radiation 
owing to uncertainty of the exact temperature 
of the radiating surface of lamp-black. A 
thin layer of soot is fairly efficient in its 
emission and absorption. But a thick layer 
of soot is quite non-conducting of heat, as was 
found in the measurements of diffuse reflec- 
tion (34). 

(iii.) Observations by Weslphal (55). — An im- 
portant determination of the coefficient of total 
radiation was made by Westphal (55). The 
experiment consisted in comparing the emis- 
sivity of a cylindrical block of (sopper, wlicn it 
was highly polished and when it was blackcmod, 
with the emissivity of a black body at tho 
same temperature. Tlic novelty involved in 
tho method is in having the black body con- 
tained within tho cyliiulcr as shown in 9. 
Tho copper cylinder was heated oloctri(ially, 
and to reduce the 'energy losses by gaseous 
heat oonducti(m this copper cylinder wtis sus- 
pended in a glass flask from which tho air 
could bo exhausted to 1 mm. pressure. Tho 
outer surface of tho cylinder was either highly 
polished to give it a low emissivity E,j or 
painted with lamp-black to give it a high 
emissivity Ej. The end surfaces remained 
unchanged. Tho heat losses by conduction 
.and convection wore therefore the same 
throughout tho experiment, and tho diff<wnce 
in energy input, when tho surface of tho 
cylinder had a high emissivity and when .it 
had a low emissivity, was a measure of the 
energy lost by radiation. 

If the temperature of tho flask is kept 
oonstant Tq, and tho blaokonod cylinder is heated 
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eiectrically to the (absolute) temperature T, then 
the energy input W which is required in order 
to maintain a stationary tomporaturc is 


Wi = 0<rEi(T^-V)+/(T,To). . . (6) 

In this equation, 0 is the surface of the cylinder and 
(T,To) is an unknown function which represents tlie 




B 


Fia. 0. 


energy lost by conduction through tho air and load 
wires, and by radiation from tho ends of tho 
cylinder. 

If now tho surface of the cylinder is polished and 
thus given tho emissivity JB|, and if tho cylinder is 
hoat<Hi to tlioi temp<Taturc T, while other conditions 
renuiin utichanged, the energy lost from tlio cylinder 

Wa-Oo-iyT^-aV) h/(T,To) . . (7) 

and tho constant sought is 


0(Ei^.K,)(T‘-avr 


. ( 8 ) 


Using tho surface of tho cylindrical body 
when highly polished, Westphal proceeded 
to find the curve of watt-ini>ut Wjj of the 
body l)ctwt*en tho temi)oraturo8 360" and 425® 
absolute as a function of tho temperature. 
Then tho Htirfaco of tV^o body was broxight to 
a high enuHHivity by applying in HuocoRsion 
difforont blackening matorials, and the energy 
Wj input was measured at difforont tom- 
peraturos. 

Tho omissivitios of tho surface and of tho 
interior of tho copper cylinder were compared 
by means of a thermopile. Tho numerous 
details need not bo discussed. Suflfioe it to 
say that the work appears to have been 
thoroughly done, and from tho nature of tho 
method it seems free from gross systematic 
erroiu His moan value is flr=6*64. 

llo modified tho apparatus and extended 


the observation over a wider range of tempera- 
ture with a view to increasing tho accuracy. 
The now value (5G) agrees well with the earlier 
determination? being c = 6*67. Although 
nothing further seems to have been jiublialu^d 
subsequently, Westphal obtained further 
measurements which yielded tho value 0 -= 
5-G7 (58). This is in excellent agreement with 
Shakespoar’s results (53) showing that tho 
coefficient of radiation as determined by 
reliable methods is of tho order a-— 6*7. 

As already noted in discussing Todd’s data, 
it is uncertain whether in all cases the surface 
of a layer of black soot has tho temperature 
of tho motal plate upon which it is deposited. 
Gerlach (30) performed oxperimonts which led 
him to question whether Wostphal’s results 
wore not slightly low owing to tho use of 
lamp-black. 

Tliis and tho preceding measurements of the 
oooflficiont of total radiation are oxcollont 
variations from tho direct method. They 
arc likely to give slightly low , values, just 
as tho thormomotric methods, just de- 
scribed, give high values, llonco, these two 
methods servo the purpose of establishing 
upper and lower limits of tho radiation 
constant. 

(iv.) Deductions of Lewis and Adams (67). — 
In concluding tho survey of what tho writer 
considers the most roiiablo experimental 
dotorminations of tho cooHioicnt of total 
radiation, it is of interest to include in this 
paper a theoretical computation by Lewis and 
Adams (67) based upon data on tho elementary 
electric charge c, tho gas constant 11, and tho 
Faraday equivalent K. Their calculations 
loa<l to a value of (rs=5*7. 

Tho foregoing data are assembled in Tabic I,, 
which gives also conservative oorrootions for 
atmospheric absor})tion, whi(di is an important 
factor that in many oases was neglected by 
ex pori mentors. By apidying this obviously 
necessary correction it is interesting to find 
that those (lata, whic.h were obtained by 
(UfT(^rcnt methods, and which appear so dis- 
cordant on first ponisal of the original papers, 
can he brought into oxcollont agrt'cmont. 
They rangcj about tho number o'w6*7. In 
fact, two-thirds of the^ total number (12) of 
determinations recorded in Table 1. are close 
to (r=:5'7. Tho moan value of all these data 
whi<‘.h are free from question is (rM6-72 
to 5*73. 

If we neglected Todd’s low value, deter- 
mined from gas condnotion experiments, and 
Puooianti’s value, which is no doubt too high, 
the moan valuo remains uncdianged. As wo 
shall see presently, ox pori mental evidence on 
ionisation potential, X-rays, and photo- 
elootrio work show that tlxe valuo of the 
coefficient of total radiation is of tho order 
(r«6-7. 
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Obsbrvbd Value and the Most Probable Value of the Constant of Total Radiation 

AFTER OOREBOTING FOB REFLECTION, ATMOSPHERIC ABSORPTION, KTC, 


Observer. 

Date. 

<rXl0“ 

erg. 

Probable Value of 
o-xlO*. 

Method. 

jECnrlbaum 

1898 

5-46 

? 


Bolometer 



1909 

6-3 

? 


Thermometor 

f 1909 

6-30 

6-7 


Thermopile 

Bauer and Moulin . 

^,1910 

6-7 

6-7 


Pyrholionictor 

Todd 

"l909 

6-48 

5-48 


Gas conduction experiments 

Valentiner 

1910 

6-68 

6-69 to 5*76 


Bolometer 


f 1911 

6-61 

? 


Thermometer 

r^ry and Dreoq 

|l912 

6-2 \ 
6*67 j 

5-68 


Calibrated pyrometer 

Shakespear 

1912 

6-67 

6-67 


Ratio of omiasivities, metal > black 
body 

Gerlaoh .... 

/1916 

\l920 

6*86 

5-80 

6-80 

) 

Modified AngstrOm pyrholiomidi^r 



6*96 

6-96 


Bolometer 

Pnooianti .... 

1 1912 

6‘16 

? 


Thermometer 

Weatphal .... 

1916 

5*67 

6-67 


Ratio of emissivitios, metal ; black 






body 

E^eene .... 

1913 

5-89 

5*89 


Thermometer 

Goblentz .... 

1916 

6*72 

6-72 


Modified Angstriim pyrludiometer 

Kahanowioz 

1919 

6*61 

6-69-6-73 


Modified Angstriim pyrheliomoter 


Mean value, tr «5*72-5-73 X 10"“ erg cm.“* 80 c.-» dog.-*. 


III. The Constant of Spectral Radiation 

In order to appreciate fully the significance 
of the constant of spectral radiation, it is of 
interest to consider briefly the instruments 
and methods of observation. 

§ (6) The Spbotrobadiometbr, — The de- 
termination of the constant, Cg, of spectral 
radiation requires very sensitive radiometric 
apparatus for measuring the intensities of 


by means of a fluorite or quarts prism p 
{Fig. 10). 

The radiomotor for measuring tho Bpoctral 
intensities is shown at I), which in this case 
is a vacuum holomotor. Tho thc^rmocoiiplo 
for measuring tho temporaturo of tho fuma(‘o 
A is shown at Th. A sonsitivi^ ironclail 
Thomson galvanometer is used in connoetion 
with the spootrobolometor or thermopile'. 

Tho prism is calibrated by comi)utiug the 



the emission in different parts of the spectrum. 
In order to eliminate absorption, and especially 
the lack of achromatism which exists in 
lenses, the spectrometer is provided with 
mirrors as illustrated in Fig. 10, which shows 
the general arrangement of the apparatus 
required for such investigations. The radia- 
tions emanating from the black body A 
are focussed upon the spectrometer slit b 
by means of silvered mirrors placed in an 
air-tight box B. The spectrum is produced 


minimum deviation sottingH, using for this 
purpose tho refractive indices of fluorite (07) 
or quartz and tho angle of tho prisin. Ah a 
fiducial mark or “ zero ” of th<' Hp(H*tro«u‘tor 
circle tho yellow helium lino (15) is a eonviuu- 
ent standard reforonoo line. 

By moans of apparatus of this type the 
distribution of energy in moasurod in diffennit 
parts of the spectrum. Two ty[K‘H of measim'- 
ments may be made, viz. “ Isochromatic's 
and “ Isothorraals.” 
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111 making uochroniatic mmsiirements the 
spoctrninctor is sot on a given wave-length, 
and the intensities are measured as the 
temperature of tlio radiator is varied. 

In making iaotliermal ymasuremenU the 
temperature of the furnace is kept constant 
and the thermal radiation intensities are 
measured in different jiarts of the spectrum. 
This gives the prismatic spectral energy dis- 
tribution"^ illustrated by the dotted curve (Fig, 
11). On reducing those prismatic measure- 



ments to the standard normal spectrum (15) 
one obtains an energy distribution as illustrated 
in the continuous curve (Fig, 11). With rise 
in temperature the maximum of the omission 
curve shifts towards the short wave-lengths. 
This fact enters into spectral radiation for- 
mulas to bo discussed presently. 

(Ino of the dillicultios encountered is the 
absorption by atmospherio water vapour and 
carbon dioxide, whicdi produce depressions 
in the spectral energy curves as indicated in 
Fig, ll. However, by enclosing the speotro- 
mtilcr, by absorbing the moisture with 
phosphorus pontoxido, and by making the 
observations when the humidity is low, one 
can obtain trustworthy moasuremonta over 
a wide region of the spccjtrum. 

§ (7) KouMuriAS iiedtjcing SrucTRAL 
RADiATtON Data. — Planck’s equation (2) 
is no d(>u})t the closest representation yet 
formulated of the observed energy distribution 
in the specstrum of a black body. In Fig. 11 
the circles rejiresent the spectral energy 
distribution c(otni)ut<'d (00) by means of the 
Planck formula. In the spectral region, free 
from atmospheric absorption, to (J /i, the 
observed and the csoinputod emrvos agree to 
within the errors of observation, viz. 0-5 to 
1 per cent. 

Rubens and Kurlbaum (08) have made 
isoriiromatic observations, using the residual 
rays of fluorite in the spectral region of 24 p, 
and 52 /jl. Their data also are in exact agree- 
ment with those computed by the Planck 
e(iuatit)n. Prom all of those data it appears 
that the Planck equation may bo considered 

> See also “ ltudiatU)n Theory,** Fig. 1. 


as representing, within the errors of observa- 
tion, the energy distribution of a black body 
in the spectrum extending from 0-6 fx to 50 yu. 

The Planck formula is based on theoretical 
considerations, and after almost two decades 
of discussion it remains unchanged. Recently, 
it is true, Nemst and Wulf (69) have arbitrarily 
modified the coefficient in the equation, 
changing to Ci(l + a), where a is a variable. 
Their whole procedure is based upon the 
assumption that the numerical value of the 
constant is 02 = 14300 micron degrees, as 
observed from isochroniatic observations, and 
that since the older values of Og, obtained 
from isothermals, are somewhat higher, they 
must be reduced by a factor (1 ~a) depending 
upon the temperament of the radiator. They 
point out explicitly that the whole procedure 
depends upon the truth or falsity of the value 
of C 2 = 14300 ; or rather, as will bo seen 
presently (see Table II.), upon the truth or 
falsity of the older values of 02 = 14400 
(about) obtained from isothermal measure- 
ments. Their deductions load to a value of 
(r=6*04, which, from a consideration of the 
whole subject on a subsequent page, aj)poars 
to bo much higher than the true value. Until 
we have more reliable experimental data from 
isothermal measurements, it does not appear 
necessary to consider thoir modification of 
Planck’s equation. 

(i.) TM Spectral Radiation Fonnnlaa — 
laochromatic , — After having made the spec- 
tral energy measurements, os indicated in the 
preceding pages, the next step is to compute 
the constant Og from the Idanck formula 
(equation (2)). In view of the fact that some 
of the outstanding dificrencos ariso from 
methods of computing the constants from 
the experimental data it is important to con- 
sider the various reduction ff>rmulas which may 
bo used in the computation. 

Por computing the constant Cg from an 
iaochromatio energy curve at any wave- 
length, X, Planck’s equation is used in the 
following form (16) : 

„ _(bg Ea - log Ei)XTiT, 

-ioge-fir-a';) 

(6-«WAr,_e-o,AT.)xT,T, ... 

Xj-l'i ’ 

where Ej and Kg refer to the emissivitios 
corresponding to the absolute temperatures 
Ti and Tg respectively. In this equation 
the terms log (1 -e-t’aATi), otc., which are 
similar to tho terms in equation (13), are 
expanded in series, and only tho first term of 
tho expansion log e) is used- An 

approximate value of 0a = 14300 is used in 
applying tho second term oorrootion. Por 
wave-lengths up to I jj. this oorrootion term 
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(to the Wien equation) is small, being only 2-1 
and 4-3 for temperature intervals of (Tg - T^) 
363® and 623® respectively, when using 
Ti=s=1460. However, these corrections in- 
crease very rapidly with wave-length beyond 
1 jULj so that at 2 ^ with the same temperature 
intervals (Ti=li50; Tis=1813 and 2073®) 

the corrections to the values of Ca amount to 
168 and 227 respectively. This explains the 
rise in the value of Og with wave-length as 
found by Lummer and Pringsheim (61), 
who did not use the second term correction. 
Energy curves which coincide closely with the 
Wien equation give uniform values of Og 
with increase in wave-length when computed 
by using only the first term in equation as 
was found by Pasohen. In their preliminary 
results Warburg (70) and his assistants, using 
a quartz prism, found that the value of Ca, 
obtained from isochromatics, is independent 
of the wave-length. On the other hand, they 
found an increase in Og with wave-length 
when using fluorite prisms. 

(ii.) Isothermal . — Using an isothermal spec- 
tral energy curve, the constant of spectral 
radiation, Cg (equati(jn (2)), maybe derived from 
the value of the wave-length of maximum 
emission, by means of the equation 

Ca=aX„iT, . . (10) 


that the does not fall in the region beyond 
2-2 fi, where, as already mentioned, quartz 
begins to absorb strongly. This equation is 
not well adapted for reducing measurements 
made with a fluorite prism, owing to the 
small dispersion of the prism and hcnco the 
steepness of the energy curve on the short 
wave-length side, where one would want to 
use it, and also owing to the fact that, at the 
temperatures usually employed, the maximum 
emission falls in the region of atmospheric 
absorption bands or in the region of 1-0 /i, 
where the dispersion curve of fluorite has a 
point of inflection. The latter point makes 
it quite diBfioult to determine accurately the 
factors for reducing the observations from the 
prismatic to the normal spectrum. 

Another method of determining the values 
of X^ from an isothermal spectral energy 
curve is by the “ method of equal ordinates.” 
Eor this purpose the normal spectral energy 
curve is drawn on accurately nilod co-ordinato 
paper, as illustrated in Fig, 11. Then, as 
indicated by the arrows, at two points where 
the intensities (the galvanometer deflections) 
are equal, E^ssEg, the corresponding wave- 
lengtli Xi and X 2 are read from the curve. 
The value of is easily derived (15) from 
equation (2) by equating ExiscE^g, and for 
the complete solution it is 


in which the value of a is 4*9651. The equa- 
tion makes use of the Wien displacement law, 
which is the mathematical expression for the 
shifting of the wave-length of the maximum 
emission toward the shorter wave-lengths, with 
rise in temperature, viz. 


\ X2 *" log Xi)X]^X2 

a'(X 2 -Xi)lbge 

XaX g[log(l-e-^'«Ax^) - log (]_- )1 
a'(Xa - \) log c 

(13) 


X^T = A (a constant). ( 11 ) 

The value of the constant is close to A =2885 
micron degrees. 

Experimenters are therefore concerned with 
the proper method of computing the position 
of the wave-length of maximum emission 
X^ from the isothermal spectral energy curve, 
such as illustrated in Fig. 11. 

In case one cannot observe the complete 
energy curve, as, for example, when using a 
quartz prism which absorbs strongly beyond 
2*2 fit it is possible to compute the value of 
X^ from Planck’s equation by reducing the 
observed energy curve to the normal spectrum, 
and taking from the energy curve the values 
of El at Xj and E^. The proper equation is 




. (12) 


This equation, which has been used extensively 
by Warburg (80) and his collaborators, appears 
to be well adapted for reducing the observa- 
tions obtained with a quartz prism ; but the 
temperatures must be sufficiently high so 


The second term in this equation can 
usually be abbreviated, since terms involving 
Xi are usually negligible. Eor values of Xj 
which are less than 4^ the term log ( I - e " 
may be expanded into a scries and (by dropping 
all terms but the first) may bo used in the 
form log g, in this equation a' = 

4*9651. It may bo noted that an api)roximato 
value of C 2 is necessary in order to obtain 
a solution for the second term factors in 
equation (13). This may bo obtained by 
solving for by using only the first term 
in equation (13), which is the solution of the 
Wien equation as used by Paschen (59), 
It is sufficiently accurate (15) to use Oa= 14300 
in making this computation. A doc-reaso of 
100 units in Cg (say Oj = 14200) decreases the 
mean value of X^ by 0*0012 fi. 

The method of equal ordinates has boon 
extensively used by Paschen (59) and by 
Coblentz (15, 06). It has several common <1- 
ablo features, because it is possible to utilise 
values of Xj and Xg which correspond with 
values of and Ea^, which are closely the 
same in magnitude as originally obscrvo<l, 
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and lionoe contain the same errors of observa- 
tion ; also the slit widths are closely the same. 
This method does not require the most accurate 
wave-lengths and refractive indices (at least 
not for values of Xg greater than 4-6 fi), and it 
permits the selection of parts of the spectral 
energy curves which are free from atmospheric 
absorption bands. At a temperature of 
1000° C. and at Xjj=:4*6 /a to G /i an error of 
X2 ss0-05 fi changes by 0-007 /i to 0-008 /4. 
This amounts to 0-7 per cent in the value of 
Ca, and is much greater than would occur in 
practice. 

The method of equal ordinates necessitates 
reducing the prismatic spectral energy 
measurements to a normal spectrum, plotting 
the data upon co-ordinate paper, and drawing 
in a smooth curve from which the values of 
Xi and Xg are read, corresponding with the 
ocpial ordinates Eai = Ea 2- Although it re- 
quires but little additional time to plot the 
(lata, after having made the observations, 
if one is certain that the observations lie close 
to the curve, the obviously hjgical procedure 
is to compute the spectral radiation constants 
from any two observed points Eai and Ea 2. 
This, however, docs not shorten the observa- 
tional work, for it will be necessary to make 
observations at throe adjacent s|)ectromctcr 
settings (soparated by the width of the radio- 
motor receiver) in order to determine the 
spectral ])urity factor which is required in 
order to reduce the data to a normal spectrum. 
After spending months in obtaining the data, 
the question of saving time in their reduction 
m of minor importance. Furthermore, it is 
desirable to draw the complete curve and 
preserve it for future reference. If the 
observations do not lie close to the smooth 
curve, then this method is slightly arbitrary 
as to the manner of combining the ()l)Hervations 
so as to obtain an integration of the whole 
curve without making more computations 
than would be used in the “ method of equal 
ordinates.” 

a])propriato formula for computing 
the radiation constants from any two observed 
points, Eaj and Ea 2» an isothermal spcc.tral 
energy curve is easily deduced from Planck’s 
eqxiation, and in its complete form, as shown 
by Dellinger (71), is 


0 .= 


X.X,T 

(X,-Xi)log« 


[log log j«-iog (14) 


The term log (1 may bo expanded 
into a series, and usually all the factors can he 
neglected, except one which is log e . 

It is therefore necessary to know the approxi- 
mate value of Oj, as is required in the method 
of computation used by Coblontr. (15, 6G). 


In concluding this discussion wo may 
notice a calculation of the constant Cg by an 
extension of the theory of least squares, by 
Roeser (72). Using the ' data illustrated in 
Fig. 11, his calculation gave a value of C2 = 
14342, as compared with = 14339 computed 
by Coblentz (66) {loc. cit. p. 462), by the 
method of equal ordinates. 

( iii. ) JSpectrophotometrio. — A spectrophoto- 
metric method may also be used in deter- 
mining the constant C2. It consists in 
determining the ratio of brightness of a 
black body at, say, the melting-point of 
gold (1063° 0.) and at some higher tempera- 
ture, say the melting - ■i)oint of palladium 
(about 1656° 0.). This requires a knowledge 
of the wave-length (X=?0-G5 im is usually taken) 
of the light j)hotometer(’!d and the absolute 
temperatures Tj and of the radiator. I’ho 
appropriate formula is 

logJ^=C,loge(^l^-^^). . (1(3) 

The intensities Ej and E2 are usually 
measured with an optical pjn'ometer. If the 
constant Oj is known the temperature Tj 
(say 2000® C.) may ho computed. (Vmvorscly, 
using known temperatures Ti and T2 the 
constant may be determined. As a matter 
of fact the method has never boon used very 
successfully in a quantitative manner because, 
os will bo noticed presently, the higher 
temporature T2, at some fixed temperature 
point (say the melting-point of palladium), is 
not accurately known. Recent experimenters 
are therefore proceeding in the reverse order, 
and assume that if the constant Ojjbs: 14300, 
then the melting-point of palladium is 1567° D., 
or if 0a = 14350, then the melting-point of 
palladium is 1556" Tho task hefon*! us is 
therefore to obtain an oHtimate of the probable 
value of the constant CI2. 

§ (8) Drttcrmtnations ok C^on8TAV(t of 
KSmaTRAT. RADTATTotT.-- In spite of all that has 
been published on the partition of energy in 
tho spectrum of a black body there arc hut 
few experimental dnU at hancl which are more 
than qualitative in value. 

To tho writer it seems that all these early 
data should be considered from the standpoint 
of historical interest, since it seems impossible 
to give thorn much weight in connection with 
the results obtainable at tho present day, 

(i.) Ohaervation^fi of Pnaclim (59, GO).— Tho 
pioneering work in spectral radiation measure- 
ments and constants was inaugurated by T*as- 
chon (59), who observed an extensive series of 
spectral energy curves at temperatures ranging 
from 100° to 450° 0., using six different kinds 
of bolometers covered with difiPorent kinds 
of absorbing material, e.g. lamp black and 
platinum black or copper oxide ; also having 
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tke bolometers in the focus of a hemispherical 
mirror. The radiators were heated by means 
of boiling water, aniline, sulphur, etc. The 
mean value of all his observations, which are 
in close agreement, was A =2891 and C 2 = 
14352. He continued the work at tempera- 
tures ranging from 400® to 1050° 0., using a 
large porcelain radiator. He used also metal 
cups of copper or platinum, blackened with 
oxides of copper or iron, which were heated 
within this porcelain radiator ; making in all 
about a dozen different arrangements of the 
radiators. The bolometer was covered with 
platinum black and was situated in the focus 
of a henoispherical mirror to “ blacken ” it. 
The mean of the new series was A =2907, with 
a probable error of ±16. 

In a further investigation Paschen (60) under- 
took the work anew, after redetermining t£e 
reflecting power of silver and the refractive 
indices of fluorite. He used a porcelain tube 
radiator, also three other radiators, which he 
blackened as in the preceding research. He 
took the wise precaution to project an image 
of the radiating wall of the black body upon 
the spectrometer slit (see Fig, 10), in order to 
avoid possible radiations from the side walls 
and diaphragms falling upon the prism and 
bolometer. He made complete corrections 
for the selective reflection from the prism. 
He then found that his observations fitted 
neither the Wien nor the Planck equation, 
the values on the long wave-length side of the 
energy curves falling between the two theoreti- 
cal curves. He found that if (for reasons he 
himself could not explain, he, cit p. 295) he 
multiplied his observations by factors varying 
from 1-02 at 3-91 /i to 1*195 at 8*25 /a, etc., the 
observed energy curve would fit the Planck 
equation and fulfil better the condition of 
congruence. Upon this basis, and presum- 
ably by computing the by using the first 
part of equation (13), he obtained a value of 
A = 2921 for his newest data. He then 
applied similar factors to some of his previous 
data, thus making them agree better with 
the Planck equation, and the value of A was 
increased from 2891 to 2916, or about 0*87 per 
cent. From this it appears that, if he had not 
multiplied his observations by these arbitrary 
factors, his latest results would have been about 
0*87 per cent lower or A =2894, which is 
practically the same as the value previously 
obtained. 

Coblentz (15, 66) obtained a plausible 
estimate of the correction to Paschen’s values 
by applying the values of the second term 
which result from computing by equation 
(13). This is admissible, because Paschen’s 
observed curves are said to fit the Planck 
equation to about 4 /i. The conclusion arrived 
at (loc. cit. (66), p. 468) is that Paschen’s 
recent determination is of the order A ■= 2894. 


This is close to the earlier determination A= 
2891, which is probably more reliable as regards 
the temperature scale. In other words, 
Paschen’s original data fall within the range 
of the recent and more accurately determined 
values, being of the order Ca = 14360 micron 
degrees. 

(ii.) Observations of Lummer and Pringsheim 
(61, 63, 74). — Their spectral radiation measure- 
ments were made on porcelain tube radiators, 
illustrated in Fig. 1. The radiator was placed 
directly in front of the spectrometer slit. This 
reduces the length of air -path, and hence 
the absorption ; but there is uncertainty in 
keeping the alignment, especially since in their 
designs no attempt was made to prevent the 
tube from sagging. 

As is true of all the older measurements on 
radiation, operated above 1200° 0., the tem- 
perature scale is defective (too high), giving 
values of Cg which are too high. 

The values of the constants published by 
Lummer and Pringsheim (61) require a treat- 
ment similar to that just given to Pasohon’s 
data. They used the earlier indices of re- 
fraction of fiuorite, published by Paschen (73) 
in 1894, which are in error in wave-length by 
0*02 (j. for the region of 1 to 2*5 /jl. Fortunately 
most of their values of X^ are greater than 
2*6 ^ and no correction is required. But little 
information is at hand as to how they calcu- 
lated their values of X,,„.. In their earlier 
work (61) they say that, after bridging over 
the absorption bands by means of a smooth 
fine, the values of X,„ and may bo road 
directly from the spectral energy curve. Tliis 
would permit the determination of only one 
reading of whereas the method of equal 
ordinates permits the calculation of a num})er 
of values of X,^,. 

In thoir first investigation a series of four 
spectral energy curves, observed at tempenv- 
turos of 837° to 1410° abs., gave a value of 
A =2879. 

For a second series of moasuroments they 
enclosed the spectrometer in order to dry the 
air. A series of five spectral energy curves, 
observed between the tomperaturcH of 814° 
and 1426° abs., gave a value of A =2870. 
These two values are in close agroornent with 
Paschen’s determinations made at that time. 
Since they observed the value of at 
instead of by the method of equal ordinates, 
the second term correction of equation (13) 
does not enter into the calculation. I’hey 
found that their data did not fit the Wien 
equation, and this no doubt gave impetus 
to the formulation of the Planck equation. 
Suffice it to say that their data, obtained up 
to this time, if reduced on the basis of the 
Planck factor a=4’9C51, load to a value (»f 
Ca = 14290. In a subsequent investigation ((i3) 
the radiator was heated to a much higher 
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temperature — to 1646® abs. A series of 8 
isothermal spectral energy curves gave a value 
of A = 2940 and 0^= 14590. In view of the 
fact that a correction of about 0-02 must be 
made for the calibration at 1 /z to 2-5 this 
would reduce the value of and of Og by 2 per 
cent, or 02 = 14300. Although the apparatus 
was enclosed, in order to remove the COg and 
water vapour, the energy curves are appreci- 
ably afTootod by atmospheric absorption. 

As in previous work, their temperature scale 
above 1000° C. was obtained by extrapolation. 
Just how much the thermocouple calibration 
may bo in error is not recorded. In a subse- 
quent paper (75) they revised the temperature 
scale used in the previous tost (9) of the 
Stefan-Boltzmann 4th-powor law. The re- 
vised temperatures arc 10 to 12° lower, and, 
at the highest temperatures, they are 20 to 
25° lower than x>roviously used. Hence the 
value of A (see equation (11)) would bo lowered. 
Whether any temperature correction of this 
magnitude must be made to the spectral 
radiation data is not stated ; though the 
researches on the gas thermometer by Holbom 
and Day (70) wore then in progress. Suflico 
it to say that although their later value of 
A =2940 is the one frequently quoted in 
books, none of the subsociucnt investigators 
have found a value of A which is witliin 15 
per cent as high as is this one. 

hVom the foregoing oemHidoration of the 
datii obtained by Luinmcr and Pringshoim 
it appears conservative to place their value at 
0j| = 14300 micron dogrocH. 

(iii.) Observatiom of Warburg and Oolld)om^ 
tors (80 to 90). — During the past twenty yearn 
tile (loU^rmination of tlic constants of radiation 
and their apj dication to the temperature scale 
has Ixion wdeutlcHsly pursued by the l^hys. 
Tech. Kioichsanstalt (75) at Berlin. 

During the past ten years those investiga- 
tions liavo been carried out by Warburg and his 
collabomtors. 'I’hey used iluorito ami quartz 
prisms and vacuum ludiators. 'Cho sodium line 
was used as a zero sotting of the spootromotor. 

Tho radiometc^r was a vacuum holomcto, 
operated by a null mothod. In this manner 
tho galvanometer acted merely as an indicator. 
Tlie terniieraturo fixed points were the melting- 
point of gold and some higher temperature, 
melting-point of palladium. 

In theur first communication (80, 81) they 
reported a value of 0,,= 14570 on the basis 
that tho melting-point of palladium is 1540® (1. 
On tho other hand, if tho higher tomiieraturo 
jioint was determined radiometri(jally, by 
extrapolation from tho gold point, using tho 
8t(^fan-Boltzmann law, then tho value of (\ 
was found to be tho smaller. Hence they 
(luc^stionod tho gas thormomotor temperature 
s<»ilo and iirocsoedod to make their investiga- 
tions at iiigh tomxioraturos by using the 


radiation laws to establish their scale of tem- 
peratures. In this manner they avoided tho 
temperature scale as transferred from the gas 
thermometer by moans of thormooouxjles. 
They retained only one temperature fixed 
point, viz. gold at 1064° 0. (later 1063°). Tho 
higher temperatures (1400° ( 3 .) wore determined 
radiomotrically. Por this purpose they ob- 
served the position, of tho isothermal 
spectral energy curve reducing the data by 
means of formulas (12) and (10). 

Using Vasclion’s refractive indices of refrac- 
tion of duorito and Carvallo’s (93) indices of 
quartz, in thoir next communication (82) they 
report values which varied from Og = 14200 to 
14()00. 

Using imi:)rovod methods for adjusting tho 
sodium lines on tho bolometer, and making 
further provision so that only radiation emanat- 
ing from tho central diaphragm of tho radiator 
was incident upon tho bolometer, in their next 
report (83) tho fluorite prism gave values 
ranging from 02 = 14300 to 14000, and it was 
discarded. A quartz x’rism gave a valuo of 
Ca = 143(S0 micron degrees. 

In a very oomploto investigation (84, 85) 
they roiioatod tho previous work. Using a 
quartz prism tho values obtained are 0^= 
14370 1:40 and A =2894 ±8 for tho tempera- 
ture interval of 1337° and 2238“ abs. 

Thoir next stop was to out a prism out of a 
block of quartz of which tho absorptivity had 
been determined previously. With this and 
other improvements, including different radia- 
tors, a value of O2 = 14250 was obtained (87, 
88), from tho temperature scale based on tho 
Htofan-Boltzmann law of total radiation ; and 
a valuo of ({2= 14300 or 14400 was obtained by 
using tho Wien displacomont law (e.}/. 11) to 
establish tho tomporature. Tho uncertainty 
in tho valuo of 02=14300 or 14400 is owing 
to the uncertainty in their calibration curve 
(refractive indices) of tho quartz prism. 

The present position of their work has led 
them to tho adoption (80) of tho value of 
(12 = 14300 and tho molting-]»oint of palladium 
= 1557° (1. Subsequent investigations (90) 
•appear to bo made on this basis. 

There is an uncertainty of perhaps 1° in tlw^ 
temiieraturo scale at tho melting-point of 
palladium (92). In view of the great variations 
in tho various determinations of C3, it was 
perhaps a wise dooision for Warburg to ado^it 
the round number 02 = 14300 micron degrees 
for tho spectral ra<liation constant ; though, 
as wo shall see presently, theory and other 
cxporimontal dabi wouUl place tho valuo 
somewhat higher. 

(iv.) Observations ofCoblcvtz (15, 39, 60). — In 
this investigation the speotrum was produced 
by moans of a mirror spoctromoter- and a 
fluorite ])rism, os illustrated in Fig. 10. In tho 
first work an air holomotor, ancl later a vacuum 
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bolometer, was used for measuring the parti- 
tion of energy in the spectrum. The radiator 
{Fig. 1) was a porcelain tube, wound with 
platinum ribbon, through which electric 
current was passed. 

It was operated at temperatures ranging from 
460® C. to ]600® C. Various incidental questions, 
such as the adjustments of the optical parts of the 
apparatus, the temperature uniformity and tempera- 
ture control of radiator, the water-cooled shutters, 
the temperature scale, the method of reduction of 
the observations to the normal spectrum, the proper 
formulae for computing the numerical constants, etc,, 
were investigated 

The first paper (16) contains also data on various 
subsidiary problems such as (1) the variation of the 
reflecting power of silver with angle of incidence 
and with wave-length, (2) the Variation of reflecting 
power of fluorite with angle of incidence and with 
wave-length (refractive index), and (3) data for 
reducing the observations from prismatic to normal 
spectrum. 

As already explained in the discussion of 
the methods of reducing the observations, it 
was decided to observe isothermal spectral 
energy curves as illustrated in Fig. 11, and 
compute the position of by the method of 
equal ordinates, using equation (13). 

^ !From the very beginning of this investiga- 
tion on black body radiation it was found 
that the Wien equation did not fit the spectral 
energy curves. The assumption was therefore 
tentatively mad© that the observed curves fit 
the Planck equation ; and at the completion 
of the investigation this was found to be true 
for about 76 per cent of all the observed curves. 
This conclusion was based upon the uniformity 
of the values of which resulted from com- 
putation (by the method of equal ordinates 
E^i=Ea 2) of values of and \ which were 
taken far apart, and also close together, on the 
observed isothermal spectral energy curve. 

The observations were made in the winter 
when the humidity was low, and the investiga- 
tion extended over four winter seasons. An 
attempt was made to obtain a great many 
isothermal spectral energy curves, so as to 
avoid the personal bias which can enter the 
working over of a few curves. This was prob- 
ably a mistake ; for no attempt could be made 
to correct the observations for small changes 
in temperature and bolometer sensitivity. 

In the meantime, owing to impairment of 
eyesight, the reduction of data had to be 
entrusted to others who were not familiar with 
the work. The first calculation of the data 
gave a value of about Cj = 14360. But doubts 
arose concerning the calibration curve of the 
prism, A new calibration curve was worked 
out aud the data recalculated and published 
as being Cg = 14456. 

Data were obtained also with a fluorite prism whiohi 
was full of cleavage planes. This produced much 


scattered radiation which distorted the energy 
curves at 4 /i to 6 /x. These data wore therefore not 
used in the calculations. 

In the meantime Paschen ((57) published 
further data on tho disi>crsion of fluorito 
which indicated that the calibration curve, 
and hence the value of C'a== 14456, was 
wrong. 

In the earlier work tho temperature scale 
was also in doubt. Tho last series (1912) was 
not observed at tomi)eraturcs much above 
1200° C., and hence is quite free from doubts 
about the temperature scalo, which was 1° 
lower than previously used. 

The second paper (66) on this subject dealt 
with a recalculation of those data, rising a 
revised calibration curve. Tho mean value 
of the speotral radiation constant based on 
93 spectral energy curves (sorios of 1912) is 
02 = 14353 . 

If the corrections to tho tomporaturo scale 
(mentioned in tho previous paper (16)) are 
applied, the vallie is 0^ = 14362. A further 
correction ( = + 7) is necessary l)ecau80 the 
second term in equation (13) was (‘omputcil, 
using Cg = 143(X) instead of 0* » 14360. Hence 
the final corrected value, os published in the 
second paper, is 02=14309 micron degrees 
and A = 2894 micron degrees. 

In order to obtain a check on tho method of 
calculation of tho constant a least scjinvre 
reduction of tho first isothermal curve of the 
series of 1912 was undertaken by Roeser (72), 
He obtained a value of ( '^ = 14342, which is in 
agreement with tho value computed by the 
method of equal ordinates, viz. 02=14,339. 

Recently a further examination (39) was 
mad© of tho accuracy of the factors used in 
converting tho previously ol)Hcrv(‘<l (15) pHn- 
matio spectral energy data into the normal 
energy distribution. Tho gray)hi<^al methods 
previously employed were checkctl and simihvr 
factors were obtained by computation, using, 
the first differential of tho dispcrHir>n h^miula, 
which best represents the observed refractive 
indices of fluorito. These refra<*tivo ituHcos 
were obtained from consideration of all the 
available data, which, in the mgion of I jx in 
2 (i, are represented by the enrv<' published by 
Langley and Abbot (94). The b(‘at disj^eraitm 
formula is that of Paschen (97). now<*vcr, 
owing to incompleteness of the formula, tho 
graphical method was found to be jtmfc tui 
accurate os was tho method of computation. 

The conclusion (39) arrived at was that the 
speotral radiation constant C^r: 14,35.3 tnieron 
degrees, determined some years ago (66), 
remains unchanged. However, at that date 
there was some doubt as to whether some of 
the corrections then applied should have been 
made, giving a value of 0* r. 14309 the 
value might be 0* « 14366. 

Rather curiously and unfortunately in all 
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these inquiries into the small errors that 
eight years ago wore considered negligible the 
one concerning the zero setting has remained 
unconsidorcd until now. The calculation of 
the calibration curve was based on the sodium 
linos, X = 0-5893 /a, for a reference point. Sub- 
sequently Coblentz adopted the then novel 
procedure of using the yellow helium line, 
X=: 0-5876 jLt, instead of the sodium lines for 
adjusting the zero setting of the bolo- 
meter. For this i)urposo the refractive index 
71*1-43390 was adopted. Subsequently Pas- 
chon (67) published the value of 7i>= 1-433907 
(17-5° C.) for the refractive index of the helium 
line, and ?i «= 1 *43386(J for the sodium lines. Ho 
observed a difference of 12* in the minimum 
deviation settings of the sodium and the helium 
linos. 

On the basis of Piischon’s value of the 
refractive index of lluorito for the yellow 
helium line, 7t-~« 1*433877 (at 20® 0.), there is 
a difference of 6^ between the computed and 
the observed zero 8<‘tting of the s|)ectromoter 
circtlo. As a result, the average values 
of X,„, in terms of the spoctromotcr circle, 
must bo reduced by 6*. Since the wave- 
lengths occur between 2 }i and 3 
(and the majority at about 2-2 /t), the 6* are 
equivalent to 0-003 fi to 0-004 /a in this 
part of the spectrum. From equation (11) it 
may bo noticed that this amounts to a 
reduction of the previously published value 
of the constant « 14369 by 0-3 to 0-4 per 
cent. This gives a value of C 2 «“ 14311 to 
14326 micron degrees. 

As already stated, the second paper (66) was 
the result primarily of a revision of the cali- 
hratiom curve of the fluorite prism used ; and 
it is unfortunate that at that time the above 
application of the temperature coofliciont of 
the refractive index of the helium line was 
overlooked. 

The citations of the foregoing researches 
sufTice to show some of the clifTicultics under 
which experimenters are labouring. One set 
is concerned with the temperature scale ; 
anoth<Hr is determining the optical (‘.onstanta 
of the prism material ; and a third group, using 
both the tomperature scale and the optical 
constants, is engaged on the radiation con- 
stants. In turn, the first sot of experimenters 
must api)ly the results of those working on 
the radiation constant in order to verify and 
extrapolate the temperature scale. In the 
meantime the second exporimontcr improves 
his measurements of the optical (constants 
(refractive indices) of the prism material, while 
a fourth enters the field and adds refinements 
by determining the temperature coefficient of 
the refractive indices. Then the xmploasant 
ta.sk arises to recalculate the prism calibration 
and the numerical vahic of the spectral radia- 
tion constants. Added to those difficulties is 


the constant change in personnel, as is apparent 
from perusal of the title-pages of the published 
papers. 

Fortunately the observations are in terms 
of the spectrometer circle scale, and, if 
the necessity arises, as it did in the case 
just, discussed, one can revise the corre- 
sponding wave-lengths and recalculate the 
constants. 

The various determinations of the constant 
of spectral radiation C-a are assembled in 
Table II. The sixth column gives the probable 
value as determined from consideration of 
the data in the text. Tho mean value is 
Co « 14320 micron degrees. Tho latest and 
most reliable determinations of tho national 
laboratories are close to this value. Unfor- 
tunately, perhaps, tho average value is so 
close to tho theoretical value, arrived at from 
consideration of ])lu)to-clcctrical and similarly 
related phenomena, that exporimonters may 
be led to consider their task finished instead 
of just begun. 

§ (9) Optical Pyrometer Mbasurements. 
— Various attempts have been made to deter- 
mine tho constant by means of an optical 
pyrometer, using equation (16). There are 
many difficulties to bo overcome before one 
can conclude that the data so obtained are 
trustworthy. One of tho uncertainties is the 
offootivo wave-length of the rod glass used 
in the eyepiece of the pyrometer. Other 
difficulties are encountered when using a 
spectral pyrometer. Also tho temperature 
scale is in doubt. Hence recent experi- 
menters have n(‘t attempted to determine Cg, 
but rovorso tho pi’oeess and, working on 
tho assumption that 0^ is a certain value, 
say 14350, determine the moliing-point 
of palladium. This seems to bo tho preferable 
procedure. 

(i.) Observations of llolhorn and Valentiner 
(64, 66).— In 1906 Holbom and Valontiner 
(64) obtained a value of 14200 as a result 
of a scries of spoctrophotomotric moasuroments 
using formula (16). This is now admittedly 
iq error, owing to an erroneous temperature 
scale in which tho melting-point of palladium 
was taken to bo 1575® instead of about 1666®, 
which w'ould give a higher value of C^. Re- 
cently Valontiner (06) corrected this value 
for lack of blackness of the radiator, etc., 
raising it to Cj,-« 14350. This is one of the 
(lilfioultios and uncertainties experienced by 
oxporimentors who have attempted to deter- 
mine tho constant O 2 by methods requiring a 
temperature scale whioli is higher than about 
1200 ® 0 . 

(ii.) Obaervations of Mendenhall (78). — One of 
tho few recent direct determinations of 0^ by 
optical pyrometer methods was made by 
Mendenhall (78). In establishing a tempera- 
ture scale ho took tho Day and Sosman value 
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of the melting-point of palladium, viz. 154-9° C. 
From the ratio of brightness of the black body 
at the melting-point of gold and palladium 
he obtained the value of Og =14413, as a check 
on his measurements. Correcting for the low 
temperature scale, which amounts to 3*6 to 
5° 0. on the basis that the melting-point of 
Pd is 1555° to 1557°, the value of Cg is 
decreased by 0-23 per cent to 0*31 per cent or 
Cg =14308 to 14380. 

It is difficult to obtain high accuracy in 
optical pyrometer measurements on a radiator 


to be open to question. Just why the tem- 
perature Tj was not similarly determined 
radiometrically is not clear. The temperature 
Ti =1604° abs. (1331° C.) seems to be in doubt 
in view of the present-day belief that the 
melting - point of palladium is 1555° C. to 
1657° C. 

If the melting-point of Pd is 6° to 8° higher 
than the value used in this determination, 
then the value of Cg is 0*22 to 0-3 per cent 
higher than his published value (02=14392) 
and is of the order of Cg =14425 to Cg =14436. 


Tabli II 

Observed Value and the Probable Value of the Constant Cg of Spectral Radiation 


Observer. 

Bate. 

X»ftT=A 

Observed. 

AmT = A 
Corrected. 

0a = aAmT 
and from 
Isochro- 
matics. 

Og Probable 
Value. 

Remarks. 

Paschoii . 

1890 

2891 
2970 ? 

2891 
2907 ? 

•• 

i<mo 
•• j 

Fluorite pi ism 


1900 

2921? 

2894 

•• 

Temperature scale is questioned 

Lummor and 

1900 

2879 

2879 

14290 


Fluorite prism. Wave - length 

Pringahoim 


2870 

2876 



calibration of prism is questioned ; 



2940 

2882 

14310 

14300 

also tomporatuic scale. 

Warburg and 
Collaborators 

1911 

•• 

•• 

14200 to 
14600 

■■ 1 

Fluorite prism 


1912 

1912 


• • 

14300 to 
14400 
14360 

1 


1913 

2894 


14370 


Quartz prism 


1916 


•• 

14260 


Temperature from Stephan Boltz- 
mann law 


1916 


• • 

14300 to 
14400 

14300 

Refractive indices (calibration of 
prism) questioned 

Coblontz. 

1913 

2911 ‘ 

.. 

14456 

.. 

Fluorite prism 


1910 

2894 

* * 

14309 


Revised calibration (refnictivc in- 
dices) of prism; 1012 data arc 
rocaleulatod 


1920 


• • 

14311 to 
14320 

14318 

(■orrection for zero sotting of 
bolometer 


Average. value, Cg = 14320 micron degrees. 


at the melting-point of gold. In the main 
part of his research Mendenhall therefore 
established his lower fixed point Tj, as that 
having 14-91 times the intensity of radiation 
of a black body at the melting-point of gold, 
for the complex wave-lengths transmitted by 
a certain standard pyrometer glass. 

Subsequently, by direct comparison with 
Day and Sosman’s standard thermocouple, 
which was calibrated presumably on the 
basis that the melting-point of palladium 
is 1549° C., this temperature was found 
to be 1331° C. 

The higher fixed point Tg =2705° abs. was 
determined radiometrically on the basis of the 
Stefan-Boltzmann law, and does not appear 


(iii.) Observations of Hoffman ami Meissner 
(79, 90). — These experimenters used an ospoci- 
ally constructed black body in a bath of the 
molten metal. The ratio of the hriglitncss 
of the black body at the melting-point of pal- 
ladium is determined relative to the brightness 
of the same at the melting-point of gob 1. They 
found that if the melting-point of palladium 
is taken 1549° C. (scale of Day and Sosman), 
then Cg =14440 (79). In a further investiga- 
tion (89) they found that if (\ is 14300, and if 
the melting-point of gold is 1003°, then the 
melting-point of palladium is 1557° 0. This 
is in agreement with the observations of Holst 
and Oosterhuis (91), who found a value of 
02=14465 if the melting-point of Pci is 
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1549°, and Cg* 14300 if the melting-point 
is 1557° C. 

(iv.) Observations of Hyde and Forsythe (92). 
— In their earlier experitnonts they found a 
value of Cg =14460 on the basis that palladium 
molts at 1549° C. The groat inconsistencies in 
those and other data led them to uso tho value 
Ca = 14350, whicjh is commonly used by Ameri- 
can experimenters. 

Using a carefully constructed si)octral pyro- 
meter, and on the basis that tho value of 
Ca = 14350, their moat recent moasuromonts 
place tho molting - point of ])alladiuni at 
1655-6° 0. 

Tho outstanding question then is : What is 
the value of Cg? la it 02-14300 or 14350? 
If wo accept 1556° (J. as the molting-]>oint of 
palladium, then Hoifmann and Meissner's data 
indicate a value of 02—14315. 

Both sets of experimenters (Le. those in- 
teroste^d in the radiation constivnts and those 
intemstod in the temperature scale) scorn to 
realise tho difficulty in attempting to define 
the value of tho constant Oj or the melting- 
point of palladium in terms of this constant. 
Hence as a compromise basis for future work 
and for future adjustments it socniH appropriate 
to adopt tho value of tho spectral radiation 
constant (- 2 !=* 14320 and tho melting-point of 
palladium at 1556° 0. 

IV. Verification or the Laws of Radiation 

In tho foregoing pages an inquiry is made 
into the instruments an<l methods used in, 
and tho numerical values of various detor- 
minatiouR of, the const^ants of radiation. 

Tho various methods are classified, and a 
brief description is given of each research. 
An atUmipt is made to iiulicate the good and 
the defective features in each research. This 
rei)reHentH not only tho writer’s opinions hut 
also those of other experimenters. 

It is shown that tho major ])art of tho 
variation in the various determinations of the 
numerical values of tho constants, cspeeially 
the (ionstant of total radiation, is owing to the 
fac^t that, in the original papers, no corrections 
were made for atmospheric absorption of | 
radiation in its i^assago from the radiator 
to the receiver, (lonscrvative corrections for 
atmosplieric absorption arc made to the various 
determinations in which such corrections had 
not been made. As a result, instead of having 
wide variations, thcre^ is a remarkably close 
agreement in the ntimerical values of tho 
various deienninatit)ns which are^ free from 
other obvious defects. Although it ciannot be 
said that the true numerical values are exactly 
as here rocjordeel, it is evident that the time is 
fjast when tho value of tho constants of radia- 
tion are swayed by a single and perhaps 
novel method of rcsoandi. Tho best that an 


oxperinientor should expect is that his own 
little contribution to the subject may have 
sufiioiont merit to go into the melting pot with 
tho other detemunations. 

§ (10) The Formula and the Coefficient 
OF Total Radiation. — In the foregoing re- 
view the data arc assembled and tho ovidonoo 
weighed pro and con. It is shown from various 
experiments that, beyond all reasonable doubt, 
tho total radiation omitted from a iinifonnly 
heated enclosure is proportional to tho 4th 
power of the absolute temperature — tho so- 
called kStefan-Boltzmann law. Furthermore, 
tho tiibulated data show that tho numerical 
values of tho majority of the various dc^tcr- 
minations of the coeffi(dont, cr, which enters 
into tho mathematical formula of total radia- 
tion, range a])out tho value given by tlie cxprcis- 
sion <r = 5*7 x erg em.-^ hvc.“^ dog."*. Tho 
average of 12 of the most reliable determinations 
is O' =--5*72 to 5*73 x 1(P*^ erg dog."*. 

§(11) The Formula and tiiw Constant of 
Sfeotkal Radiation. — Kxperimental evidence 
Is cited showing that throughout the spectrum 
from 0*5 fi to 50 fi Jdanck’s formula fits tho 
obsorvo<l spectral energy distribution more 
oltisely than any other e(i nation yet ^iroyioaod. 
This formula is based upon theoretical prin- 
ciples, and after two deoades of disoussion it 
remains unchanged. 

Tho constant ( \ which determines th© slop© 
of the spectral energy curve has boon tho 
subject of numerous invt^tigations. The 
numerical value of Oj has fluctuated consider- 
ably in the various determinations. In the 
foregoing pages it is sliown that this is owing 
to experimental difficuliios, such as, for ox- 
ampl<s lack (if pn^eise knowhnlge of tlio ttun- 
jioraturo scale, and of the refractive indices of 
the prisms used, I’lu^ tabulated data show 
that tho various determinations of tlie constant 
of spectral radiation of the order of 
Oa^ 14300 to 14350, with a moan value of 
(Jjj-s 14320 micron (h'gret^s, 

§ (12) CoNFiUMATORV FviDTONOE. — One of 
the most interesting phases of the inquiry into 
tho laws and constants of radiation is th© 
conllnnatory data which one obtains from a 
I consiileration of the intiT-relatcd phenomena 
of atomic structure, of X-rays, of ionisation 
and roBonanoo potential, and of pliotf>-©loctrical 
action. From these data, as well as from tho 
foregoing (lata on the two (lonstants of radia- 
tion, (-2 and (T, one can compute the value of 
Tlanck’s elcm<mt of action, h. This gives 
seven independent methods of determining tho 
univorsid constant h. Or from any one of 
four of these methods one can ealculato (99, 
1(K), 101) the radiation constants; and it 
seems truly remarkabks how close the calcu- 
lated valutas agree with the obst*rvod values of 
the radiation constants. 

For making these calculations from Planck’s 
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radiatioa^ theory (2) we have the following 
relations ; 


Ca=o^ifc"" =4-9651 \^T, 
ac 12f X 10823Z;4 
*^“1 “ oW ’ • 


X»T = 


ch __ 

?965ll’ 


, eR 


. ( 16 ) 
■ ( 17 ) 
. ( 18 ) 
. ( 19 ) 


while the value of is 8 tAc. 

In these equations the constants have the 
following values ; 


h (Planck’s constant) =6'66 x 10“^’ erg sec. 
k (Boltemann gas cons.) = r372 x 10~^® erg deg."^ 
c (Velocity of light) =2-9986 x 10^^ cm. seo.“^. 
F (Faraday’s constant) =96500 coulombs. 

R (Absolute gas constant) =831 *5 erg deg."^ 
e (Unit electric charge) =4*774: x 10"^® e.8.u. 

From equation (19) it may he noted that a 
change in the value of e affects the value of 
Ca directly, while the value of <r is affected 
by e^. 

The data computed from the above-men- 
tioned constants and formulae are illustrated 
in Fig. 12, from which it is an easy matter 



Fig. 12. 


to compare experimental data (101). For ex- 
ample, Coblentz’s (29) value of the coefficient 
of total radiation is <r= (5-72 + 0*012) x 10"® erg 
cm.-® sec."^ deg.-^. This indicates a value of 
02=14321 micron degrees (which is close to 
the average determination) and a value of 
h= 6-551 X 10"®’ erg sec. The value of A, deter- 
mined by Blake and Duane (98), by X-rays, 
is 6*555 X 10"®’ erg sec.; or an indicated 
value of 02=14330 micron degrees, which is 
close to the average of the direct experimental 
determinations of this constant. 

Again, starting with Warburg’s value of 
02=14300 the corresponding value of the co- 
efficient of "total radiation is <r=6*74, which is 
the l^her estimated limit of the average of 
12 different determinations of this constant. 
Hennig (99), on the basis of Sommerfeld’s (102) 
theory, the measurement of spectral lines, and 
^ See “Radiation Theory,’* § (6). 


the value of the electron, ob'tains Ca= 14320 
and <7= 5*717. 

In summing up the o'vddonco it is of iutcroHt 
to include Birge’s (100) coraprohcnsivo anci 
exact calculations of the constant A. In those 
calculations he, of courso, assumes the truth 
of (1) Lewis and Adams’ (57) theory of ultiniato 
rational units; ,(2) of the relation between 
<r and h, as given by Planck’s radiation formula; 
(3) of the quantum relation as a|)i)lied to 
X-ray data (98) ; (4) of Kinsteiu's photo- 
electric equation ; (5) of Bohr’s theory of 
atomic structure ; and (G) of the cpiantum rela- 
tion as applied to ionisation and reHonunco 
potentials. 

In this manner ho obtains seven sc])arate 
calculations of Planck’s constant of action 
the least square mean value of which, as shown 
in Table III., is A = 6*5543 x 10-®’ erg see. 
This is close to the average of the value of 
A, which results from consideration of the two 
radiation constants. 

Table III 


Bibob’8 Caloulatiost op Planck’s Univrksal 
Constant h by Vaeious M3DTnoi>8 


Value of h. 

Method. 

Remarks. 

6*561 -1-0*009 

£r«6-72 

Total radiation 

6*567 ±0*013 

Ca-14330 

Spectral radiation 

6*542 + 0 011 

Rydberg con- 
t stant 

Bohr’s theory of 
atomic strut-tun^ 

6*578 ±0*026 

Photo-eloctric 

oquations 

Einstein’s c^tpiation 

6*656 ±0*009 

X-rays 

Quantum mlation 

6*660 ±0*014 

Ultimate 
rational tin its 

Theory of 
and Adams 

6*579 ±0*021 

Ionisation 

potential 

•• 


Mean value, A«(C*r>543"i-0*0025)10"*’ crK«(v.. 


From this calculation and int(TeornpariHon 
by Birge (100) of the data on (' 2 , cr, an<I //, ns 
determined by thermal radiometric, plw^to- 
eleotric, X - rays, and ionisation poieutinl 
measurements, it appears that the vahu' of 
A, computed from radiomotri(t data, is in close 
agreement with that obtained by mom dir(‘ct 
measurement. In other words, it appt^aiN to 
prove the validity of laws of radiation and to 
establish the level of the numerical vabu-s of 
the constants entering therein. 

The outstanding disagreement bet w(*(*n all 
the observed and comptited data appears t,o 
be of the order of 1 to 3 parts in UKM), w-hat- 
ever the method or experimentation. This is 
a very close agreement, considering the varifdy 
of the data and the difficulties involv(*d in 
1 making the experiments. It seems to indicuite 
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something more than a fortuitous relation 
between proi)ortiea of matter. 

In conclusion, it may be added that to a 
close degree of approximation we have the 
following constants : 

Melting-point of palladium =1656® C. 

02 = 14-320 micron degrees. 

X,rtT=2885 micron degrees. 

<r=5-72 X 10"® erg om.“® sec.-^ dog."^ 

A =6*56 X 10"®’ erg sec. 


w, w. 0 . 
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RADIATION THEORY 

§ (1). — The behaviour of electromagnetic radia- 
tions can be regarded from two very different 
points of view. In optics the interest attaches 
to the study of the light waves themselves — 
their refraction, interference etc. — and little is 
said of the way in which the light arises. The 
present problem is the complement of this. 
It is concerned almost entirely with the 
emission and absorption of Hght, and makes 
use of optical properties only in so far as they 
help in the study of these. In consequence 
of this difference of aspect the mode of treat- 
ment is quite different. Physical optics is 
based on dynamics (including electromagnetic 
theory under the term), but the theory of 
radiation is founded on thermodynamics. As 
will be seen, pure thermodynamics can give 
a great deal of information about radiation, 
but is not capable of completely solving the 
problems that arise, just as it gives a great 
deal of information about the behaviour of a 
gas, but is not competent to give completely 
its equation of state. The subsequent problem 
is therefore to be solved by other methods. 
A direct application of the principles of 
mechanics leads to a definite and complete 
answer, but one which is entirely wrong ; and 
to overcome this difficulty Planck introduced 
the quantum^ principle, with the help of 
which the central problem of the theory is 
solved. 

§ (2) Deeenitions.— It will be necessary to 
make certain definitions for the measure of 
radiation. Those naturally take a very 
different form from those whioh are used in 
optics. There the starting-point is usually a 
train of monochromatic, polarised, plane, or 
spherical waves, and consequently the funda- 
mental quantity is the amplitude of the waves. 
But in thermodynamics this is of no interest. 
The fundamental quantity is heat or energy, 
and the radiation measured as energy must 
be supposed to have a continuous distribu- 
tion of frequencies and to be travelling in all 
directions. 

The suitable definition is this. Take a small 
aperture dtr and draw from its edges a cone of 
small solid angle dw; let the axis of the 
cone be at angle 6 to the normal of dor. Then 
a certain part of the radiation will pass through 
this aperture into the cone in time dt. If, as 
we suppose, the radiation is continuously 
distributed, the amount must be proportional 
to dff cos ddwdi and the total energy entering 
the cone as radiation may be taken as 
Kdo* cos ddiadt. But a further analysis is 
necessary, for the pencil of rays may be 
supposed analysed into a spectrum. This 
spectrum wiU be continuous and so the 
definition will be concerned with the amount 
^ See “ Quantum Theory.** 


of energy between frequencies v and V’\-dv, 
Finally, the radiation may be partly polarised, 
and this is represented by choosing two fixed 
directions and describing the energy corre- 
sponding to waves polarised in each. Thus 
the description of the radiation is fully given 
by an expression of the form 

(Kr,-l-K/)dvdcr cos Oduidt ; 

if the components of polarisation K^;, K,;' arc 
known at every point and time the whole 
radiation field is fully described. 

The connection between this definition and 
those of optical theory is not obvious. The 
definition is of course quite unsuited for the 
type of waves usually considered in theoretical 
optics, as these have been simplified by being 
taken monochromatic, piano, etc. (which is 
only approximately true), and the result of 
the present definition would be that Kp would 
be infinite for one exact set of values and zero 
for all others. But if the electric and magnetic 
vectors are arbitrarily given at every point in 
a space, it is possible to deduce from them 
by means of rather complicated applications 
of Fourier integrals. The chief point of interest 
in the work Hes in the spectral resolution into 
frequencies, which is done by virtue of a 
theorem of Lord Rayleigh’s, whereby from a 
Fourier analysis of amplitudes it is possible 
to define a precise meaning for the energy in 
any range of frequencies. 

In the treatment of radiation problems by 
thermodynamics it will bo necessary to have 
idealised machinery for sorting out the 
radiation into its component parts. For 
example, the polarisation may ho studied by 
means of Nicol prisms, but these have to be 
supposed capable of completely transmitting 
one component and completely rofiee-ting the 
other. More important is the question of the 
spectral analysis. For this, advantage niay 
he taken of the fact that many substanc'es 
show a selective effect, transmitting light of 
some frequencies and reflooting the rest. If 
this is idealised it may bo imagined tliat there 
exists a set of screens, each of which has the 
property of transmitting a certain range oi 
frequencies perfectly while reflecting all others 
perfectly. The justification for the use of this 
idealised machinery hero is much the same as 
in other branches of thermodynamics, as, for 
example, the use of ideal aemi-]iermoable mem- 
branes in the study of mixtures of gases. 

Next, consider the omission of radiation. 
This is defined in the same sort of w'ay as 
above. A small volume dv of a body (^mits 
in time dt radiant energy (€v\-€v)dvdwdvdt 
into a solid angle dca. In the general case of 
an anisotropic body the two components of 
polarisation and e/ will both he funettions 
of the direction of the element of solid angle. 
The emission from any substance in general 
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will depend on its past history (as in phos- 
phorosconco) or on the forces acting on it (as 
in tribo-luininoacenco and the light from 
discharge tubes). Now such effects as those 
are not steady state phonoinona and so must 
bo excluded from thermodynamic arguments. 
We shall exclude all such effects by the 
assumption that cp and e,/ depend only on the 
nature of the matter composing di\ and on the 
temperature. Radiation which satisfies these 
conditions is called temperature radiation. The 
assumption includes what is known as Trevost’s 
law of exchanges, viz., that a body omits an 
amount of radiant energy that depends only 
on its own temperature and not on that of 
its surroundings. 

For absorption tlie typo of definition is 
rather different. The absorption coefficient 
a,, for any matter is defined by the fact that 
if a beam traverses a short length H of it, 
then the beam’s intensity is roclucjod by a 
fraction of itself, and the part which \\m 
disappoarod from the radiation reappears as 
heat in the matter. For an anisotropic body 
ttv will depend on the direction and polarisation 
of the beam. As a corollary, if a ray travesrsos 
a length I of matter its emergent intensity is 
a fracstion of its incident. 

§(,*}) Radiation in tub Strady Statr. — 
With those definitions it is possible to deduce 
many important consequences simply from 
the fact that a system loft to itself tends to 
equalise in Uunporaturo and so arrive at a 
steady state. The proofs (»f these propositions 
are quite elementary and it will bo unnecessary 
to givei tlio chain of rotwiioning by which they 
are obtained. 

(i.) The of a pencil of rajrs is invariant 
along its path in free space. 

(ii.) is invariant for total rcflocdion at 
any surface, plane or curved. (The (concentra- 
tion of light by a concave mirror is not duo 
to any changes in K,., but to an increase in the 
total solid angle through whicih the rays arrive 
at the focus.) 

(iii.) In a non-homogonoous medium lot the 
waves of fre<picncy v have refractive index 
/xp, varying from i)omt to point. Then 
is invariant along a pencil of rays. 

ThoH(^ threes results are really only matters 
of geometry. 

(iv.) At a surface separating two media 
partial reflection occurs. Take an ineidemt 
ray along the direction A, and suppose that n 
fraction p is reflected and a fraction 1 - p 
refracted along H in the second medium ; then 
the possibility of a steady state re<juires that 
the reverse ray coming along B should have a 
fraction p reflected and a fraction 1 *- p refracted 
into the first medium along A reversed. 

A specially important case of this is that an 
ideal selective screen, which transmits light of 
one sot of frequencies and reflects all others, 


must do so in exactly the same way from 
whichever side the light is coming. Tlio same 
lino of argument shows ihat it ia iin possible 
to combine the light from two sources by any 
optical device, so as to increase the K,, of a 
pencil of rays. The results of (iv.) can bo 
})rovod also on dynamical princij)lcs ; the 
advantage of the present method is that it 
makes no roferenco to the mechanism of 
reflection and refraction. 

(v.) Consider a vacuous space surrounded by 
perfectly reflecting insulating walls. In it are 
certain bodies of any (diaraet(^r. Ry means of 
their radiations to one anotlu^r they gradually 
sot theniHclvos to the saims tom])craturc. A test 
body i)laced anywhen^ in the spaeo must also 
roach this fcemporaturo, and that through the 
action of radiation alone. By taking the test 
body as eovorod in turn witli various typ(s of 
selective stn’oons, NujoI prisms, etc., it eau be 
shown that the value of K,» is the same at, 
every j)oint of the s))aoe and for every diroetion 
and polarisation of the rays. (If the refractive 
index differs from unity, IC^ must be replaced 
by Kp/fjt,t,\) This is tlu^ priiuopal rc'sult of 
the argil numt — that in ilio steady states the 
radiation Ky can depend only on p and the 
temperature, and must be quite independent 
of the position, et(5., of the ray examined* 
Sueh radiation is called complete radiation; 
also, for a reason that will appear later, btach 
radiation. The determination of the form of 
as a function of v and T is the oardinal 
problem of the radiation theory. 

It is often convenient, in the general ease 
where the radiation is not complete, to iwmigu 
a moaning to the expression “ t(unporatu^<^ of 
a ray,” This is delined as the temperature of 
tlm oomph^tc radiation which would give the 
same K,, as th(^ ray. The ttmiporaturc of a 
ray can nevi^r bo greater than that of the 
source from which ii arose ; this asHumes that 
the radiation is temi>eratui‘o radiation, don- 
vcrsoly a body can never get hotter than the 
temperatures of the hottest rays which strike 
it. To make a body os liot as possihle by 
radiation it would be necessary to arrange 
some oiitioal device whereby tlio bottitst rays 
should strike it equally from all directions, 
while colder rays, of other frequencies, shoukl 
bo excluded by selective screens. 

As the complete radiation is isotropic, It is 
oonveniimt to use a ipiantity which makes no 
reference to the directions in which tho rays 
are going. This is done by n^placing tho 
quantity by a deprived quantity Up, whero 
tipdp is tho total energy in unit volume of 
frequoneicH betwc‘cn v and v -i- du, .By summing 
tho effects of all tho rays passing through a 
small element of volume, it is etwy to show 
that M,,rrr87rK„/r, whorc c is tho velocity of 
light. The factor is Htt instead of tho more 
usual 47r, because there are two components 
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of polarisation each, mtli Ki,. v,v "will be the 
same at all points of the enclosure. (Eor the 
case with a refractive index the corresponding 
equation is %v=8TKv/i,//(j, and UvIjllv^ will be 
the invariant.) 

§ (4) Kirghhoff’s La.w. — ^In consequence of 
the universality of there must be a certain 
relation between the emission and absorption 
of every type of matter. Take a small body 
of volume v, A ray in traversing it, loses 
an amount of energy (LvK.vdvd(adtv, by the 
definitions of § (2),’ and as the radiation must 
be the same on both sides of the body, this 
must be replaced by emission. The amount of 
the emission is evdvdcodtv. Therefore €v=auKv, 
and either Kv = €v/a;, or else both and 
tty are zero. This result, Kirchhoff’s law, 
may be stated as follows. The ratio of the 
coefficient of emission to the coefficient of 
absorption is the same for all substances what- 
^ever, and depends only on the temperature 
"and the frequency of the rays examined. As 
long as only temperature radiation is con- 
sidered this law admits of no exceptions. It 
is proved in the first place for bodies in an 
enclosure ; its great utility lies in its extension 
to free space by virtue of Prevost’s law of 
exchanges. 

Kjrohhoff’s law makes it; possible to deduce 
certain interesting and not very obvious con- 
sequences. For example, tourmaline polarises I 
light by absorbing one component strongly, 
while transmittmg the other. To the high 
absorption must correspond a high emission ; 
so if a tourmaline crystal is heated, as it 
preserves the same characteristic when hot, 
it will emit polarised light, and the plane of 
polarisation will be perpendicular to that of 
the light which the crystal ordinarily transmits. 
Again, nebulae of a size thousands of times 
as large as the solar system emit light confined 
to a few lines in the spectrum. Therefore 
their matter is so rare and of such a peculiar 
character that a ray of light of any other 
frequency can go right through this enormous 
distance without experiencing any absorption 
whatever. 

Next, suppose that we have a substance with 
the property that aU radiation falling on its 
surface is completely absorbed. This is called 
a black bod/tj. Perfect blackness requires that 
there shall be no refllection at the surface, and 
this implies no change of refractive index there, 
and al&o that a^, the absorption coefficient, 
should be infinitesimal ; the latter condition 
requires that the body should be of infinite 
depth. Such a surface has the property of 
emitting the complete radiation, whether 
enclosed in an envelope or in free space. For 
consider the radiation going into a small cone 
duj at angle 6 to the normal. One of the 
polarised components emitted by an element 
of volume da-dz at depth z below the surface 


is e^vdti)dtd<rdz, and of this only a fraction 
e-(tyZ8oc9 gets through tho surface. The 
beam outside is obtained by integrating this 
over all depths, and so is (€,./ay)di'dajdi cos Oder. 
Hence by Kirohhoffs law the K,. outside is 
exactly the same as what it would l)c in an 
enclosed space at tho same tonij)craturo as 
the black body; this explains why complete 
radiaiion is often called black. 

In consequence of tho ])rosoiice of the fact<)r 
cos 6 in the above formula a black surface will 
appear equally bright viewed from any angle. 
Any departure from the condition of hla(‘.kno.HS 
destroys this. For exainplt', a change of 
refractive index at tho surfac^e inv(dvt's })arUal 
reflection, and it is well known from optical 
theory that the oblique rays are more reflected 
than the perpendicular. TluTcfore such a 
surface will emit loss light obliquely than per- 
pendicularly. 

The importance of tho itlt^i of the black 
body is that it makes it possible to get away 
from the highly idealised argximents a))out 
radiation in a completely cnedosed spat^o, and 
so to connect pure theory with the results of 
observation. To find the experimental values 
for tho complete radiation it will lx*! sufTieient 
to determine tho energy omitted (in various 
frequencies) from a black body of known 
temperature. In order to find its amount this 
energy must be completely absorbed. Thus 
both source and receiver must l>o black. The 
best form of source is a small hole in tho wall 
of a furnace ; for the absorption of such a 
hole is nearly perfect, since any ray that (mters 
will undergo many rofloctions before coming 
to the hole again, and so wdll bo practically 
completely absorbed, and therefore tho 
emission of such a hole must also be nearly 
that of a black body. Tho same form is some- 
times used for tho receiving instrument ; but 
in cases whore thcro is little intensity of 
radiation it is necessary to concentrate the 
heat absorbed on as small an area as j)OKsibl(s 
so as to got tbo greatest tcmpc'raturo ris(^ It 
is therefore covered with platinum black or 
lamp black, and by subsidiary exporiimmt.s an 
estimate is made of tlu» irnp(U’fc<itii>ii ()f il« 
blackness. For this part of the suhy'ct see 
“ Radiation.” 

§ (6) Stkfan’s Law and When’s Law. — 
The theorems hitherto obtained I w'ore all based 
.simply on the idea of equalisation of tem- 
perature. By tho use of tho sc'cond law of 
thermodynamics in the form that perpetual 
motion is impossible, two very impt)riant 
theorems can be proved — the law of SU'fan 
and Boltzmann, and the (liHplacom<mt law 
of Wien. These arc both <u)neeniod with 
complete radiation, and it will be convenient 
to replace the fundamental K,. by tho derived 
quantity which depends on the energy per 
unit volume. 
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(i,) Tho total radiation of all frequencies 

rco 

in unit volume is denoted hyu= Uidv. 

It is a function of the absolute temperature 
T only and tho Stofan-Boltzmann law ^ asserts 
that it is proportional to the fourth power of T. 

First observe that the second law of 
thermodynamics requires that radiation should 
exert a pressure. Otherwise it would bo 
possible to concentrate the radiation inside a 
perfectly reflecting cylinder by pushing in tho 
piston, without doing any work ; and the con- 
centrated energy could be absorbed by a body 
hotter than that from which it was emitted. 
From the electromagnetic theory Maxwell 
showed that this- pressure is equal to lu for 
isotropic radiation and this leads to the result 
sought. 

Consider a cylinder of volume V with porfootly 
roflocting walls. At ono end in it is placed a small 
piece of matter to oot as a vehicle for tho transfer 
of heat from outside into radiant energy in tho 
cylinder. Tho total energy of radiation is Vm. Now 
suppoflo that tho volume is increased hy an amount 
dV, while at tho samo time boat flows in from the out- 
side and is partly oonvortod into radiation by tho 
l)ioco of matter. The amount of heat absorbed will bo 

CdT-f-d(Vw)-fJt«2V, 

Ot ^C+V^)iiT+4«<2V, 

wliero 0 is tho heat capacity of tho matter. Now 
following tho ordinary thermodynamio argument, 
if tills is divided by T tho result must be a porfoot 
dlllorontial, and for this to bo so 

3 /O V dv\ 0 /4 «\ 

SVVt'^T STj“3T\3 i)’ 

which loads to 0 m/ 3T— 4(t4/T). If this equation 
is intogratod tho result is w — oT*, where <r is a con- 
stant. This is Stefan’s law, A further oonsoquenoo 
which will be required later is that in an adiabatic 
expansion V'!* is constant. 

The argument <»nn bo rovorsed so that tho law of 
pnwHuro may bei deduced from Stefan’s law. Thus, 
if tho prcHHuro is supposcid to bo tho unknown /, an 
©(luatiou of tho form (3//3T)-//T'«»t4/T must hold. 
Now if is substituted and tho equation 

iiitogmttHl the result is /«oi'a-|-aT, whore a is an 
integration constant. So apart from this constant 
Stefan’s law lends straight to Maxwell’s law of 
nuliation pressure. It is far tho most ac<mrato 
verilioation of the validity of that law, as tho prossuro 
itsedf is so exceedingly minute as to be barely per- 
ooptiblo to diroot observation. 

(ii.) Tho relation of Stefan and Boltzmann 
conoems only tho total radiation, and has 
nothing to say as to tho distribution in tho 
various parts of the spectrum. If thermo- 
dynamics are to be made to give any informa- 
tion about this, it is necessary to have some 
meohanism whereby radiation of one frequency 
can be changed reversibly into another. The 
usual mechanism of conversion is by absorption 
^ See “ Radiation,’* Part II. 


and re-emission, but as long as tlio relation 
"Kv^ev/av is satisfied tho thermodynamic 
conditions arc fulfilled and so this method 
gives no help. But there exists another way 
of changing frequencies, namely, by the Doppler 
effect; that is, by reflection of the rays at a 
moving mirror. By the use of this idea it is 
possible to deduce a relation connecting p, 
and T. The argument falls into two parts — a 
thermodynamic and a mechanical. The former 
shows that, under certain conditions, if a 
reflecting enclosure is filled with com.'plete 
radiation and then expanded adiabatioally, 
tho radiation will remain cowplete, without 
tho int-orvention of matter. Tho second part 
consists in calculating tho actual change in 
tho radiation pi'oduced by tho expansion. 

(а) C'ouHidtT the adiabatic comprcHsion of a oylindor 
with x>t‘rfcctly reflecting walls, supposing iluit some 
part of the walls relleots diffusely, so that tlie radia- 
tion certainly remains isotropic. At every stage 
the work done depends on tho pressure, and this jus 
given by the density of tlie total radiation. So 
whether tho radiation remains mnplete. or not, tho 
energy density will bo tho same at every stage, and 
so will the work of compression. I’ho rtilation 
VT®«» constant implies that when tho volume is V 
tho density of total radiation is the same as that of 
complete radiation of temperature T. 

Now imagine that tho off cot of tho adiabatic com- 
prossioix is to make the radiation no longer complete. 
Take Vj as tho initial volume, and suppose it filled 
with complete radiation of temperature T^. (bm- 
prosH tho cylinder slowly by a finite amount to 
volume V 2 . Then if the density of 

total radiation will bo tho same as that of complete 
radiation of temperature T 2 . but by hypothesis some 
spectral regions will bo in oxoc^ss and some in defect. 
Now introduce a small piece of matter of negUgiblo 
heat capacity. This will readjust tho radiation to 
oompletenosH, but will not alter its total amount. The 
adjustment is an irrovorsiblo iwocess and so involves 
an inesroaso of entropy. Next, keeping the mattc^r in 
tho oylindor, slowly expand to the original volume. 
Tho work gained in tho ui)-stroke is exactly equal 
to that done in tho down-Htrok(s for they both depend 
only on tho t,otal radiation. If tho matter ia now 
withdrawn, tho system will have returned to its 
original state, and no heat has been comniuuicatod 
from outside. Tho oyolo could bo repeated in- 
dofmitoly and it would bo possible to got a continual 
incrooHo of entropy without any introduction of 
heat or porformanoo of work ; and this is contrary to 
thermodynamic principles. Thorofofo tho adiabatic 
oomproasion must conserve tho completeness of 
radiation. 

There is ono small point in tho proof worth 
mentioning. Keflection at a moving mirror not 
only changes tho freqmmcy, but also the direction 
of tho light. If tho walls are perfect oylindew with 
perpendicular ends, tho compression will make the 
radiation anisotropic, and so of course not oomploto. 
This is tho reason why it was necessary to specify 
that some part of tho walls must refloot diffusely. 

(б) It is now nooossary to oxamino tho efloot on 
radiation when it is reflected ot a moving mirror; 
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in particular to count up the loss^ and gains for a 
small region dp of the spectrum. If a beam inclined 
at angle d falls on a mirror moving with small velocity 
V, it may bo shown that the frequency of tho reflected 
beam is v'=v{l-2{v/c) cos 6) and that its direction 
is given hy9^—$+ 2{vlc) sin 6. There is also a change 
in the intensity, since work is done on tho mirror. 
It may be shown that tho ray Updp (sin 6d$d^(4^) 
(0 is tho azimuthal angle) exerts a pressure 


Now consider the gains and losses to the region dp. 
C)f energy originally in this region and at this angle 
an amount 

Uvdp (sin 6d6d<l)f4:T) (c cos 6 - v)dtdcr 

strikes the mirror in time dt and in tho element of 
area dtr. Tliis energy is all lost. Summing over all 
angles the gross loss is 

Uvdp {{(i/4) - {v/2)}dtd<T. 

There is a compensating gain from the light which 
has its frequency brought laixydv, TIub comes from 
varipus.jpegi9n»; If one of them had frequency be- 
tween Pff and j/Q+d^'o before reflection and inclination 
between Bq and VQ^v{l-j-2{vlc) cos d}, 

and dQ*=d“2(v/fl) sin 0. The energy in this region 
gives after reflection an amount in dp equal to 

Uif^dPQ ^0 - v)dtd(r 

- 2 cos* dupdp vdtda-f 

the subtraction of the second term being due to tlie 
disappearance of energy in performing work. If 
v>v^{vQ-v){duv/dp) is written for and if the 
values of p^ and 9q are substituted and the result 
integrated over aU angles, it gives as the gross gain 

The net gain is therefore 

^i^^dpvdtdff f 


and if this is summed over tho whole mirror it becomes 




whore dV is the total gain of volume in the time dt. 
Thus adiabatic expansion requires tho equation 

or written as a partial differential equation 
, duv 


The general solution of this equation is 

whore F is an arbitrary function. But, since 
VT® remains constant in adiabatic expansion, 
V*=>con8tant/T®, and this equation can be rewritten 



and this is Wien’s displacement law. 


The relation i4^=j/®/j(v/T) makes it possible 
to deduce the radiation curve (that is, the 
curve comiecting Ui, and p) for any temperature 
once it is known for a single temperature. All 
purely thermodynamic conditions are now 
satisfied and the determination of tho form 
of the function must invoke other principles. 
It is not surprising that it should not be 
possible completely to dotormino it ; it is 
like the fact that no thermodynamic argument 
can completely determine the equation of state 
of a gas. 

In connection with experimental work it is 
customary to use wavo-loiigth instead of 
frequency. This alters tho form of tho dis- 
placement law. Lot 

EAdIX= 


so that Ex is tho density of isotropic energy 
per unit wave-length. If use is made of the 
relation \=c/>' tho law is given in tho form 

Ex=X-V(\T). 


§ (6) Planck’s Radiation Pormula. — The 
true radiation formula W'aa found by Planck. 
Its theoretical deduction is given under 
“ Quantum Theory.” ^ Tho formula is 


Ex= 


Mi C 


Here c is tho velocity of light — 2*9986 x 10^® 
cm. per sec. — and k and h are universal 
constants, k is tho atomic gas constant ; that 
is, |/cT is the mean kinetic energy of a molocjule 
of a monatomic gas (auppoHod a perfect gas) 
at absolute temperature T. Its value is 
approximately 1-372 x JO" erg dog."^. k is 
the quantum, and its value is ai>proximatoly 
6*55 X 10“®’ oTg sec. Observe that tho expres- 
sion satisfies Wien’s displacement law. 

In J'ig. 1 tho firm lino shows th(^ cnirvo for 
T = 1000° abs. Tho main charactoristki of tho 
curve is the rapid fall from tho maximum on 
the side of short wavo-longtha and th(»r much 
more gradual fall on tho other side. Tho unit 
for X is 10"* cm. — tho visible spec^trum would 
come about in the region between 0*4 an<l 0*6 
of X. Ex is in C.d.S. units. Its signiiicaneo 
will be made clearer by tho statement that 
the energy in 1 c.c. in a S}X)ctral region of 
breadth 1 A.U. (10"® cm.) is 17-38 x 10" ® erg 
at the wave-length 28,850 A.U. (tho values are 
those at the maximum point). 

The corresponding curve at a higher tem- 
perature T' is obtained by shortening ou<‘h 
X in the ratio T/T' and lengthening the 
corresponding Ex in tho ratio (T'/T)®. Tho 
chain curve in Fig. 1 is that for the absolute 
temperature 1100°, and it may bo seen what 
a large increase in the radiation is made by a 

* See “ Quantum Theory,” § (4). 
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coinx)arativoly mnall change of temxioraturo. for this exi)roBai()u -wouUl lie very close to the 
Of two curves the hotter always lies entirely corresponding curve of Fig, 1, except on the 
outside the colder. extreme right, where it would fall somewhat 



On the side of the short wave-lengths the below it. Apart from the fact that it is a 
curve is closely approximate to convenient approximation, the interest of 

Stt^c /Fr\ Wion’s expression is mainly historical, as it 

Ea= , was the earliest radiation formula to bo 

^ suggested. 

which is known as Wion’s formula. The curve On the side of the long wave-lengths, but 
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far beyond the region shown in the figure, 
Planck’s formula becomes approximately 


Ea= 


8t^T 

* 


This is known as Rayleigh’s formula.^ The 
curve in Fig. 1 marked R is the Rayleigh curve 
corresponding to 1000°. Its importance lies 
in the fact that it is undoubtedly the expression 
which ought to be found if the classical system 
of mechanics were valid. For its derivation 
see “ Quantum Theory,” § (4). Planck found 
his formula by combining those of Wien and 
Rayleigh, so that each should be verified in 
its region of validity, and the formula then 
led him to his great discovery of the CLuantum. 

The position of the maximum ordinate is 
given by 

, Ticl 

tt 


where a is the solution of the eq.uation 



that is, 0=4*9661. 

The height of the maximum is proportional 
to T®. Its locus is shown in the broken curve 
of Fig. 1. It is of interest to observe the 
position of the maximum for a few tem- 
peratures. At ordinary room temperature it 
is about 10“® cm. At 1000° abs., a dull red 
heat, it is still at a wave-leng1i)i more than 
f om: times that of visible light. Even at 2000°, 
which is a dazzling white heat, it is still more 
than twice the wave-length of visible light. 
Again, from the fact that the sun’s radiation 
has its mammum in the yellow, it may be 
deduced that its temperature is nearly 6000° 
abs. — a result confirmed by the application of 
Stefan’s law to its total radiation. 

Stefan’s constant ® <r may be deduced from 
Planck’s formula by integrating over all values 
of This leads to the result 

Stt® 


The determination of the constants jfe and h 
is usually done in the following two stages. 
One relation is found by measuring the total 
radiation. This .gives <r. The second is got 
from the shape of the curve or the position 
of the maximum, which it may be seen 
determines Jicjk. The universal constants k 
and h found in this way by the most refined 
experiments are given with about the same 
order of accuracy as by other methods. 


Itadlation theory is dealt with very clearly j 
moroughly in Planck’s JDis Theorie der Wdr 
strafdunff, 4th edition (Barth, Leipzig). Many U 


“ Remarks upon the Law of Complete Radiation ’’ 
PM. Mag^ 1900, xlix. 639. 

* See “ Radiation,*’ Part H. 


books of modem physics devote a clini)ter to the 
subject; for inatiiiiee, Khdiardson’s Mcclrm 

Theorg of Matter Uni v. Press). « n -n 


Radiations prom Radioactive Matter, 
effects of, on glass. See “ Radioactivity,” 
§§ (10), (15). 

Various effects produced by. See ibid. 
§ (15). 

Radioactive Constant op a Radio- element : 
a term used in radioactivity to denote the 
fraction of the total amount of radioactive 
material changing in a unit of time, the 
unit of time being so chosen that the 
quantity of radioaetivo material at the eiid 
of it is sensibly the same as that at tho 
beginning. See “ Radioactivity,” § (5). 

Radioactive Substances, rays from, ca])able 
of exciting certain materials to omit visible 
light. See “ Luminous Compounds,” § (1). 


RADIOACTIVITY 

§ (1) General Properties of Radioactive 
Bodies. — The proj)erty of radioactivity was 
discovered by Henri Becquercl in 1896 for 
compounds of uranium, which ho found to be 
spontaneously emitting radiations cajiablo of 
affecting a photographic plate and of jicnotrat- 
ing considerable thicknesses of matter. The 
radiations were also found to cause certain 
salts to fluoresce and to iemiso air and other 
gasos through which they passed. A fuller 
examination of the uranium salts showed 
that no variation c(5uld bo detected in the 
intensity or in tho character of tho radiation 
vrith lapse of time. The intensity doponded 
simply on the amount of uranium jiresent, 
and was indepondont of tlio physictvl con- 
ditions to which tho uranium was subjected. 
In 1898 Madame Curie and Schmidt independ- 
ently showed that tho property of radio- 
activity was also shared by thorium nnd 
minerals containing that (‘lement. Tho radia- 
tions from uranium and thorium are complex 
in character and consist of three distinct typ('R 
which will bo considorod in detail later. Tliese 
are known as tho a, |f3, and y radiations ; the 
a rays consist of a stream of positivedy (diarged 
particles projected -with groat velocity, and are 
very easily absorbed by thin sheets of metal 
foil and by gasos ; the /i rays are far more 
penetrating and are identical with the nega- 
tively charged particles constituting the 
cathode rays in a discharge tube ; y rays 
are exceedingly penetrating and are idonticial 
in character with X-rays, the only (liffer<‘nce 
between them being that the wave-kmglli of 
the former is much shorter than that of the 
latter. 

A substance which is capable of upontane’ 
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ouely omitting these penetrating radiations is 
said to ho “ radioactive.” Of tho 80 or more 
elements known in 1896 only uranium and 
thorium, tho two heaviest elements, were found 
to bo radioactive, and all tho other radio- 
elements Imown to-day aro derived from these 
two elements. 

In addition to those radiations some of tho 
radio-elements i)roduce what are known as 
radioactive emanations which aro gaseous. 
The emanations can bo condensed at tho tem- 
perature of liquid air, but even at ordinary 
temperatures they impart radic^activity to solid 
objects ■with which they come into contact. 

In 1899 and 1900 the results of several 
investigations showed that some radioactive 
substances, unlike uranium, which showed no 
appreciable change of activity over a period of 
years, lost tho greater part of their activity in 
the course of a few minutes or hours. For 
example, it was found that the emanation from 
thorium lost half its activity in less than one 
minute. Hencse, in addition to the more per- 
manent radioactive elements, there were others 
with only a transient existence. 

§ (2) Uranium X. — ^Madame Curie had shown 
in her early experiments that the radioactivity 
of uranium was an atomic phenomenon. It is 
unafEootod by chemical combination -with other 
inactive olomonts. Crookes,^ however, showed 
that by a single chemical operation, namely* 
precipitating a solution of uranium with 
ammonium carbonate, the uranium could be 
obtained pbotograpbically inactive while tho 
whole of tho activity could be concentrated in 
a small residue free from uranium. This 
residue, which was called Uranium X, was 
many hundred times more active photographic- 
ally weight for weight than tho uranium from 
which it had been separated. A similar result 
was obtained by Beoquerel, who found that 
barium could bo made photographically very 
active by adding barium cblorido to a uranium 
solution and precipitating tho barium as 
sulph ate. After a number of precipitations the 
uranium was rendered photographically in- 
active while tho barium was strongly active. 
These results soomod to point to tho fact that 
tho activity of uranium was not duo to the 
element itself but to some other substance 
which was associated with it. 

The active barium and tho inactive uranium 
in the last experiment wore loft for a year and 
again examined. It was now found that tho 
uranium had completely regained i'ts activity, 
while tho activity of the barium sulphate had 
completely disappeared. The loss of activity 
of uranium was therefore only temporary in 
character. 

§ (3) Thorium X. — ^Rutherford and Roddy ^ 

^ Crookes, Roy, Roc. Proc.. 1900, A, Ixvi. 400. 

® Rutherford and Soddy, Phil. Mag.. 1902, iv. 
570 and 660. 


carried out similar experiments on thorium and 
were able in a single cliomioal operation to 
separate an intensely active constituent from 
thorium. This they called Thorium X. In a 
month’s time tho thorium X had lost all its 
activity whilst the thorium had completely 
regained it. 

§ (4) Decay and Recovery of Uranium X. 
— The next stop was to examine the time rate 
at which the processes of decay and recovery of 
activity took place. Uranium X emits only p 
rays, whilst uranium gives out only a rays. 
If all the measurements are made witli |3 
rays, the ionisation produced will depend on 
the quantity of uranium X present and not 
on tho quantity of uranium — tho uranium 
■will bo effective only in so far as it produces 
uranium X. 

Tho uranium is left for some months so as to 
come into equilibrium with its product uranium 
X ; they are then separated by ono of the 
methods already mentioned, Tho jQ ray 
activity of tho uranium will at first bo zero, but 
it -will gradually incroaso as uranium X is 
formed, whilst tho activity of the uranium X 
falls off according to an exponential law. The 
two curves shown in Fig. 1 show the rates at 



which the decay (curve B) and recovery (curve 
A) of uranium X take place. Tho sum of the 
p ray activities of tho uranium and tho uranium 
X is constant, showing that uranium X is being 
produced from uranium at exactly tho same 
rate as it is decaying when separated from 
uranium. Tho curves show also that it decays 
to half value in 25 days. 

Similar results have boon obtained ■with 
other radioactive products separated from 
their parent elements, and the law that tho rate 
of decay of activity of a given product is 
exactly equal to thq rate of recovery of activity 
of the substance from which it has been 
separated, is universally true. 

The decay curve in Fig. 1 shows that uranmm 
X loses its activity according to an exponential 
law with the time. It will be seen later that 
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this is the general law of decay of activity in 
any type of radioactive matter, separated from 
its parent and from any secondary active pro- 
ducts which it may itself produce. When this 
law is not fulfilled it can he shown that the 
activity is due to the superposition of two or 
more effects, each of which decays according to 
an exponential law with the time. 

§ (5) The Radioactive Constant. — If 
is the number of atoms of any given product 
present at any time taken as zero, and the 
number remaining after an interval of time t, 
then according to the above law of decay 

. . . ( 1 ) 

where X is a definite constant characteristic of 
the given product. The above equation may 
be written, 


so that X represents the fraction of the total 
amount of radioactive material changing in a 
unit of time, the unit of time being so chosen 
that the quantity of radioactive material at the 
end of it is sensibly the same as that at the 
beginning. It has different values for different 
types of radioactive material, but is invariable 
for any particular type of material. This 
constant X is called the radioactive or trans- 
formation constant of the radio-element. 

§ (6) The Hale- value Period.— There is 
another constant which is extensively used in 
radioactivity. This is the half -value 'period or 
the period of half change of a radioactive sub- 
stance. This is the time taken for the atoms 
present in a radio-element to decrease to half 
their number. Denoting this by T., equation 
(2) gives 

T = 0-6932. i. ... (3) 

The decay curve of uranium X given in Fig. 1 
will bo represented by equation (1) above, if the 
correct value is substituted for the radio- 
active constant X. The equation for the 
recovery curve is at once obtained from the 
fact that at any time the sum of the quantity 
of uranium X in the portion separated from 
the uranium and the quantity produced by the 
uranium is a constant. It is 

. . . (4) 

where is the number of atoms of uranium X 
finally produced by the uranium. 

The rate of decay of a radio-element is 
absolutely independent of any variation 
in physical and chemical conditions. For 
example, the decay of activity of any product 
takes place at the same rate when exposed to 
light as when it is kept in the dark, and at the 
same rate in a vacuum as in air or any other 
gas at atmospheric pressure. The activity is 


unaffected by intense licat or oxtn>njc 
Electric discharges and Htr< **^*1^*'^*^^^* ^ 
are quite ineffective in (‘han| 

the rate of decay. 

§ ( 7) Disintegration T * * ^ 

duct uranium X is one cxaniple of nulioa 
matter of which there are inuny other t; 
Each such product has cloUiiit-<‘ theinicHl hh 
as radioactive propertioa wlvh'h diHtingui 
not only from the other aetiv<^ products, 
also from the substance fnnn whi<‘h 
produced. To explain thti fontinuoim 
duction of radioactive niatt^^r Kutherford 
Soddy ^ in 1903 put forwar<l the view tha 
atoms of the radio-olouK'ntrt are uiider^ 
spontaneous disintegratioti, and that 
disintegrated atom passew thnnigh a Hutu'e 
of well-marked changes, atHsompanied h} 
emission of eharactorisiio radiatiims. 
theory has been found to at*count in a s 
factory way for all known of radioaeti 

The general law governing? th(‘ rati* of d 
or, in other words, the rate of diKintegratii 
all radioactive substonocN ($?iv(‘n i)y tspn 
(1)) states that the numlx^r attunn lm‘ii 
up per unit time is propt>rtionnl to the nu) 
of atoms present. Tho niunlHT of a 
breaking up in a given tiim* w mihjct! 
fluetuations round the avc^rnge vn!u<* oi 
magnitude to bo expcotc^l frt>m the gei 
probability theory, so tluii X, the nulioa 
constant, represents tho average frwtion o 
number of atoms which hn^nk up \iev 
time. Tho fraction of a proihiet trnnsfoi 
per second is independent of the nge o| 
product and does not depc^nil ijpf>n the 
centration of tho active mill ter ilwdf. 
found that radium emanation, for insp 
more than throe months old <let^nyw at exi 
tho same rate as emanation fn^nhly proil 
by radium; the ohanoc of ant iil«»in hreji 
up in a given time is tho Mai me ^^ het)u'r 
produced a second before^ or Iuih existed : 
pendently for a long iicriod of time. '1 
facts lead to the conclusi<,>tii tluvt radioaeti 
as far as tho individual atc»ni is e»»neenu 
an instantaneous phonoim>non. 'I’lien* I 
gradual loss of energy, fiidon* nnd up t< 
actual moment of disintog;rntiim the atom 
radio-element is in no way dilT«^n*nt froi 
atom of an inactive Similnrly 

new atom produced afta»r dixintegrutiu 
similar in all respects to un ordinary h 
H ence any atom may cxIhI un<'hrtngi‘d foj 
time from zero to infinity. 

§ (8) The Period of Avmhaok htFK o 
Atom.— It is often convcnie*nt ti> sjH*uk 
average life of a largo miinlu^r of ntoms. 
be the number of atoms present at tlie i 
then after an interval of time ( the mi 
which change in the tinu^ is «m|UhI to 
(from equation (2) al)(m*i) < t 

^ Rutherford and Soddy, /Vn7. lifiKt, v. 
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of these atoms has a life t, so that the average 
life of the total number is given by the expres- 


I Xte-'^Kdty 
Jo 


and this is equal to l/\, that is, the period of 
average life of an atom is the reciprocal of the 
radioactive constant. The period of average 
life of an atom based on the above calculation 
may be defined as the sum of the separate 
periods of future existence of all the individual 


atoms divided by the number in oxistouco at 
the starting-point, any time being talton as 
the starting-point. The constant relates, 
therefore, to tlie future life of the atom and is 
independent of the period the atom has already 
been in existence. 

The period of average life of each of the atoms 
in the three disintegration series — radium, 
actinium, and thorium — ^is included in the 
following table, which also gives the atomic 
weight of the product together with the 
radiation emitted by it. 


Uranium / ^ ^ 

8x10^ years ( 238 W-a 


Uranium /Co/V^/p 
35-5 days ( 234 


Uranium f y 
h65 minutes V 234 


Uranium If 
yearsV?) 


Ionium 
2x10^ years 


Radium 
2440 years 


Emanation 

S'S6 days I 222 j-^a 


Radium A 
4’3 minutes 


Radium B 

38'8 minutes (214 f^p 


Radium a ^ 

lO’^aeoondi^'* >> 21 C 

(V P 


Uranium Y 
2" 2 days 


Uranium Z 

etili unknown 




Radium \ a 
7-20 days ( 210 M 


End ( 206 ] 


Actinium f (2) ^ 

m V 230 J 


Radio • 
Actinium 
28‘'i days 

Actinium X 

1G"4 days 


Emanation 
S' 6 ssaonds 


Actinium A 
O' 003 seeond 


Actinium B 
S2'1 minutes 


Actinium C 
S'1 minutes 


s^ActiniumD 
\ 0-83 

J minutss j 
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§ (9) Radioaotivb Equilibrium. — Each of 
the three disintegration series given in Table 1. 
consists ia a long succession of changes, P 
producing Q, Q producing R, and so on. The 
rate of change varies from product to product, 
but in each case it follows an exponential law. 
IB a radioactive mineral is sealed up so that the 
products of transfonnation are allowed to 
accumulate, a stage is ultiipately reached in 
which the amount of each product formed is 
equal to the amount transformed per unit 
time throughout the series. In this state there 
is a balance between the loss of activity of the 
matter already produced and the gain of 
activity due to the production of new active 
matter; Material which has reached this state 
is said to be in radioactive equilibrium. 

It is evident that in the state of radioactive 
equilibrium the number of atoms disintegrat- 
ing per unit time is the same for each product. 
So that if P, Q, B are the amounts of the 
successive members of the series present when 
radioactive equihbriam obtains, and and 
\3 their respective transformation constants, 

\iP=\,Q=X,R. ... (6) 

The amotmt of each product present is there- 
fore inversely proportional to its radioactive 
constant or directly proportional to its period 
of average life. According to the above rela- 
tion there is a constant proportion between 
the quantities of successive members of a 
system in radioactive equilibrium. Thus in 
old uranium minerals the ratio of the amount 
of radium to uranium is always the same, there 
being about 3*2 tons of uranium for every 
gramme of radium. Now the period of average 
life of radium ia known to be 2440 years, so that 
by the above relation the period of average life 
of uranium must be about 8 x 10® years. This 
relation may in this way be used to calculate 
the period of a long-lived product when its 
amount, relative to another whose period can 
be measured, is known. It is useful also to 
measure the quantity of a short-lived product 
when its period can be determined. Hence if 
the period and amount of a product in a given 
series are known and the period or amount of 
another product in the series can be measured, 
the remaining unknown quantity for this 
product can be calculated. In the radium 
series both the period and amount of emanation 
can be measured accurately with the result 
that the same information can be obtained by 
calculation for most of the other members of 
the series and for uranium itself. 

The activity of a product is measured by 
means of effects produced by the radiations 
which it emits, and before proceeding further 
it would be advisable to consider the properties 
of these radiations in detail. 

§ (10) Radiations of Radioactive Sub- 
stances. — ^T he first analysis of the complex 


radiations emitted by the radio-olomonts was 
made by Rutherford. ^ Two general methods 
were employed to distinguish botwocn the 
types of radiations given out by the same 
body and to compare the radiations from 
different radio-elements. These wore btisod 
on : 

(i.) The deflection of the rays in a magnetic 
or in an electric field. 

(n.) The relative absorption of the rays in 
solids and gases. 

Experiments carried out on those linos 
revealed throe distinct typos of radiation 
emitted by the radio-elements, which Ruther- 
ford called the a, jfcf, and y rays rcHpcx'tively. 
The difference between those radiations ia 
brought out very clearly when a mdioacstive 
substance emitting the three kinds is placed 
in a strong magnetic field. Suppose a small 
quantity of radium in equilibrium with its 
products is placed at the bottom of the central 
hole in a lead cyclinder L whic-h rests on a 
photographic plate T. If a strong magnetic 
field be applied at right 
angles to the plane of 
the paper and directed 
towards the paper the 
throe types are separ- 
ated from one another 
in the manner shown 
diagrammatically in the 
figure. The y rays pro- 
ceed without deviation. 

The a rays arc dofloctod slightly to the loft 
whilst the ^ rays move to the right, describing 
circular orbits whoso radii vary within wid(^ 
limits. The fi rays are so much bent round 
that they strike the photographic j»late, 
producing a diffuse impression it. The 
same relative effects are produced by the 
application of an electric field. It should 
mentioned, however, that the deviation i>ro- 
duoed in the a ray beam is (exceedingly small 
compared with that ])roduce(l in the ray 
beam. So small is the deviation prodiueed 
in the case of the a rays that for some time 
they wore thought to be non-deviahle by a 
magnetic field until Rutherford ® in 1003, by 
using a more active preparation of radium 
than had been previously employed, showed 
that they wore deflected both by a !nagn(‘tie 
and by an electric field. These exp(‘riment« 
show that the a partiedes carry a charge 
opposite to that carried by the ft partk'les. 
The latter wore found by Oiescl to be similar 
to the cathode particles in a discharge tube 
and therefore carried negative charges, whilst 
the former are similar to the canal rays in a 
(iisoharge tube which had been shown by Wien 
to consist of positively clmrged ptvrti(d(w 
travelling at great velocities. 

' Euthorford, Phil. Mng., 1800, xlvll. 110, 

» IbU., 1003, v. 177. 
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§ (11) a Rays, (i.) Bange of a Maya . — The 
a rays produce iatonso ionisation along their 
path in a gas, and, in consequence, they 
rapidly lose their kinetic energy until their 
velocity is reduced below the value at which 
they can ionise. Bragg and Kleeman ^ showed 
that the ionisation due to a homogeneous pencil 
of a rays ends after the rays have traversed 
a certain distance in air, this distance being 
called the range of the a particle in air. The 
range of an a particle from a simi)lo product 
is a constant for a definite temperature and 
pressure of the gas traversed. It varies in- 
versely as the pressure and directly as the 
absolute temperature, so that in specifying 
the range it is important to state the tem- 
perature and pressure as well as the nature of 
the gas. Different products omit a rays of 
different ranges, so that the range of the a 
particle is characteristic of the product from 
which it is emitted. 

Geiger and Nuttall ^ employed the follow- 
ing method for determining the range, and it 
is applicable to every 
kind of radioactive 
matter provided the 
latter is not gaseous. 
The active material is 
placed in the form of 
a thin film on a small 
metal disc D in the 
centre of a metal bulb 
whose internal dia- 
meter is about 8 cm. 
The disc, which is insulated from the bulb, 
is connected to one pair of quadrants of 
an electromotor, and the metal bulb is 
connected to a potential sufficiently high to 
produce the saturation current. Through the 
insulated stopper also passes a tube by moans 
of which the bulb can bo exhausted. The 
method of procedure was to measure the 
saturation current at different pressures. The 
results obtained arc shown in Fig. 4-. For 
low pressures the ionisation is very nearly 
proportional to the pressure, but when the 
pressure has reached a value such that all 
the a particles arc completely absorbed in the 
gas, tho ionisation current roaches a maximum 
value which remains constant with further 
increase of pressure, except in the case when 
two products in equilibrium were examined, in 
whiofx case there are two abrupt breaks in the 
curve. The pressures at which the breaks in 
the curves occur correspond to the maximum 
ranges of the a particles in the gas at those 
pressures. The knowledge of this pressure 
enables the range in air at atmospheric pressure 
to be deduced, since the range is inversely 
proportional to the pressure. 

1 BragR and Kloeman, PhU. Mag.t 1906, x. 318. 

* aeiffcr and Nuttall, ibid., 1011, xxii. 013 ; 1912, 
xxiii. 439 ; xxlv. 647. 
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Geiger ® had previously found that the 
following relation existed between tho range E 
of tho a particle and its velocity V — 

R=aV^ .... (d) 

i.e. tho range is proportional to tho cube of the 
velocity. The results of Geiger and Nuttall 
showed that a definite relation existed also 



between the range and the radioactive con- 
stant of tho substance omitting tho radiation. 
This is shown graphically in Fig. 6. 

If the range of the a particle of any product 
is known tho period of this product can be 
deduced from this relationship. Thus the 
period of average life of uranium II should be 
about 3 X 10® years, and that of ionium 3 x 10* 



years, periods too long for direct determina- 
tion. Similarly from tho long range a particles 
emitted by radium O' and thorium 0/, the 
very short periods of these products can be 
deduced ,* these would be of the order of 
10"® and lO"’'® seconds respectively. 

The curves show that those products whose 
average life is long emit a rays whose range 
is small, and vice versa. 

» Geiger, Poy. Soc. Proc., 1910, A, texiil. C 

2p 



Fig, 3. 
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(iL) The Stopping Power of Metal Foils . — 
If a thin metal foil is inserted in the path of 
an a particle, the distance it will travel in 
air will be reduced. The difference between 
the range of the particle with and without 
the foil interposed is called the stopping power 
of the foil. 

Stopping power is an atomic property. 
Bragg and Kleeman ^ found that for a single 
atom it is proportional 
to the square root of 
the mass of the atom, 
and for a molecule it 
is proportional to the 
sum of the square roots 
of the masses of the 
atoms composing that 
molecule. Two filmfl 
will therefore have the 
same stopping power if 
the number of atoms 
contained per unit area 
is in the inverse ratio 
of the square root of 
their atomic masses. 

The stopping power 
of an atom depends 
upon the speed of the 
particles. It is, however, almost inde- 
pendent of the speed in the case of sub- 
stances of about the same atomic weight ^ 
as air, but it decreases with diminishing 
speed of the a particle for heavier molecules. 

When a stream 
of particles falls on 
a sheet of metal 
foil, some of the 
particles will come 
into direct collision 
with the atoms 
composing the foil 
The particles travel 
with a velocity of 
the order of 10® cm. 
per sec., but however 
fast they travel we 
should expect that 
in a direct collision 

they would be stopped. This, however, was not 
found to be the case by Bragg and his col- 
leagues. From their researches they concluded 
that each a particle pursued a rectilinear course, 
no matter what it encountered ; it passed 
through all the atoms it met, whether they 
formed part of a solid or a gas, suffering little 
or no deflection on account of any encounter 
until very near the end of its course. A thin 
metal plate placed in a stream of particles 
robbed every particle of some of its energy, 

600 Kleeman, PhU. Mag., 1906, x. 318 and 

^ hn>othetol atom of 


but the number of particlos in tho stream 
before and after traversing tho thin shoot 
remained the same. Hence an a i)arti(!le 
appeared to pass clean through atoms of 
matter in its path as if they were not there, 
in which case two atoms of matter o(!ou]>y tho 
same space at the same time. In ]>aH8ing 
through the atom some of tho energy of tho 
particle is absorbed and its velocuty therefore 
(liniinishoH as it jmrsuos 
its course. Further, tho 
slower it moves tlio 
more easily is it dcs 
viatecl from its cotirso or 
scattered. 

( iii. ) V is i hie. Tracks 
of a Particles. — C. T. H. 
\Vilson * succet'cled in 
making visible tho tracks 
of a partich^s as they 
pass through a gas. Tho 
method consists in 
suddenly expanding 
moist air in a cIohckI 
8i)ace, during which 
operation tho moisture 
condens<v> on tho ions 
formed by the x>*vrtielo 
along its path. By suitably Illuminating tho 
expansion chamber, tho tracks of the partiekM? 
can bo made visible and acitially photographo<l. 
The tracks of a particles from radium are shown 
in Fig. 6. It will he observed that the tratiks 
are almost all jKur- 
f(Hitly straight, hut 
there aro a few which 
show abrupt large 
(lellections, especially 
towards the end df 
the path (SCO Fig. flu, 
whitdi is an en- 
larged portion i»f 
Fig. Oa). Tho chance 
of a “single” scat- 
tering through a 
large angle inci’civsf's 
rajndly with dcKTeam^ 
of vcloeity of the 
particle, and in consequence such H<'attering 
will be most in ovidenc^e near the <md (»f the 
range of the particl(\. 

(iv.) Gountmg of a -Two methods 

have been employed to cu>unt tho mmiber of 
a particles emitted by a radioactive bo<ly, 

(a) The ScintillniioTi iT/fi/Ziz/d, ” This is bfisz^l 
upon tho fact that each a ])article produces 
one scintillation when it strik<« a screen of a 
substance speh as zinc sulphide (niio article 
on Luminous Compoumls ”). The moth(»tl 
of procedure is to fix tho scroon to tho micro- 
scope at such a distance from tho nlnectivcH 
that It is perfectly in focus. The mieroseoiw 
» Wilson, Roy, Soc, Proc,, 1912, A, IxxxvU. 277. 
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is mounted on a graduated stand along which 
it can slide and be placed at any desired 
distance from the a ray source. It is advisable 
to use a microscope with a low-power eye- 
piece combined with an objective of high 
light-collecting power, and the area of the 
field of view need not bo larger than about 
one square millimetre. Also the counting is 
facilitated if the screen is very faintly illu- 
minated so as to keep the eye the more easily 
focussed upon it. Measurements can bo made 
most accurately with about 40 scintillations 
per minute. With more than about 80 or 
loss than about 10, the counting becomes 
troublesome and uncertain. It is best to 
count for one or two minutes, afterwards 
resting the eye to count again for another 
one or two minutes, and so on. It is also 
essential to remain in the dark for about half 
an hour before starting to count, so os to 
get the eye quite accustomed to the dark. 

(b) Rutherford and Oeigef a ^ Electrical Metlvod^ 
— In this method the ionisation j)roducod by 
each a particle is magnified by using the 
principle of the production of ions by collision. 
In this way the small ionisation current pro- 
duced by a single a particle may be magnified 
several thousand times and thereby be 
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sulfioiontly strong to produce an easily measur- 
able dofloofcion of tlio needle of an ordinary 
electromotor. The api)aratus employed is 
shown in Fig. 7, The detecting vessel con- 
sisted of a brass cylinder A, from 16 to 20 
cm. in length and 1-77 cm. in diameter, with 
an insulated central electrode B connected 
to one pair of quadrants of an clocjtromoter. 
The outside of the vessel was conno<5tcd with 
the negative polo of a battery giving 1320 
volts. The tube D fitting into the ebonite 
])lug 0 liad a circular opening 1*6 mm. in 
diameter at one end, the opening being 
covered with a very thin sheet of mica. The 
thickness of the nuoa shoot was equivalent 
in stopping power of the a particle to about 
6 mm. of air at ordinary temperature and 
pressure. The glass vessel K, connected to 
the detecting vessel as shown, was aboxit 
450 cm. in length. The active matter was 
placed in this vessel in the form of a thin 
film of small surface area, and its distance 
from the aperture in D could bo varied to any 
desired value. This vessel was exhausted to 
a low vacuum whilst the detecting vessel 

1 Uuthorford and Geiger, Roj/. Soo, Proc., 1008, A, 
Ixxxl. Ul. 


contained carbon dioxide at a pi-cssure of 
about 4 cm. When the stopcock F w'as 
edosed no a jiarticlos passed into the chamber, 
and the steadiness of the electrometer needle 
could thus be tested at intoivals during the 
experiment. On opening the stopcock a small 
fraction of the total number of a particles 
omitted by the source passed through the 
aperture into the detecting vessel. The 
intensity of the source and its distance from 
the aperture wore adjusted so that throe to five 
a particles ontorocl the chamber per minute. 
A ballistic, throw of the electrometer marked 
the entrance of an a particle into the chamber. 

If Q bo the number of a partiedes expelled 
per second from the source at a distance r 
from the aperture of area A, then, since a 
particles are on the average i)rojectod equally 
in all diretitions, the number (a) of a ])aitic!lcs 
entering the det(!>eting vessel j)er second is 
given by n~-Q.AI4irr\ This expression holds 
so long as ea(di })ortion of the active source 
can fire partielos through the a])orturo. 

By this method Rutherford and Cleigcr 
found that 3*57 x 10^“ a ])aT*ticloH wore expelled 
per second from one gramme of radium itself. 
It is also known that the same number of a 
partickw is om itted per second from one gramme 
of radium itself and from each of the next 
throe a- ray i)r()duet8 in equilibrium with it. 
So that the number of a particles expelled 
per second from one gramme oi radium in 
equilibrium with its j)roduots is 14*3 x 10^^ 

The above method was modified later by 
the use of a string olootrometer, the movements 
of whoso quartz fibre could bo photographically 
recorded on a moving film. In this way it 
was possible to detect with certainty the oifeot 
of each a particle oven when 1000 particles 
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entered the detecting cihamber per minute. 
The first method was not aeourato when more 
than ten particles entered the chamber per 
minute. The records obtained in this way 
are shown in Fig. 3. 

Kovarik ® has devised a method by which 
the a particles are recorded by a pen on a 
moving strip of paper. The ionisation current 
produced l)y the a particle is magnified by a 
three- valve audion amplifier. The magnified 
current is used to opiTato a very sensitive 
relay, whic.h in tuna operates a local battery 
circuit acc‘.entuating the pen on a chronograph. 

» Kovarik, Phys. Rev., 1010, xltt. 272. 
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The sensitiye relay operates on a fraction of 
a milUampere. The method is also applicable 
to 7 , and X rays. 

(v.) Ratio of the Charge to the Mass of the 
a Particle. — ^The ratio of the charge to the mass 
of the a particle can be determined by measur- 
ing the deflections produced respectively in a 
magnetic and in an electric field. It can be 
shown that the path of a particle of mass m 
moving with velocity v and carrying a charge 
e will have a curvature p given by the relation 

H/i=— (7) 

where H is the strength of the magnetic field. 
Similarly, when it moves through an electro- 
static field produced between two parallel 
plates whose difference of potential is V, 

• • • • ( 8 ) 

These two equations enable the values of e/m 
and V to be determined. Rutherford ^ found 
by this method that the value of e/m for the 
a particle was 6070. From theoretical con- | 
siderations it can be deduced that the value i 
of the ratio of the charge to the mass of the 
hydrogen atom should be 9647, which is 
approximately twice that for the a particle. 
These results may be explained if we assume 
either that the a particle is a hydrogen molecule 
or an atom of weight 2 carrying a unit positive 
charge, or that it is a helium atom (atomic 
weight 4) carrying two positive charges. To 
decide between these two alternatives Ruther- 
ford and Geiger undertook an , accurate 
measurement of the charge carried by the a 
particle. 

(vi.) Charge carried by a Particle. — From the 
knowledge of the number of a particles emitted 
by a given product and the total charge 
carried by these particles, it is possible to 
deduce the charge carried by a single a particle. 
The measurement of the charge is, however, 
made more difl5cult on account of the fact 
discovered by J. J. Thomson, that emission 
of a particles is accompanied by the emission 
of negatively charged particles, which he 
termed 5 rays. These particles are always 
emitted when a particles fall on any object. 
To determine the charge of the a particle 
the delta rays had to be removed, and this was 
done by Rutherford and Geiger ^ by placing 
the radioactive material in a strong magnetic 
field. The delta particles, which move at low 
velocities, are thus bent round and return 
back to the surface which emits them. In 
this way it was found that the charge carried 
by the a particle was 9*3 x 10" e.s.u. The 
value of the ionic charge had previously been 

1 Rutherford, Phil. Mag., 1906, xii. 348. 

* Rutherford and Geiger, JRoy. Soc. Proc., 1908, A, 
Ixxxi. 162. 


found to be about half this value (the value 
of the ionic charge at present accepted is 
4-77 X 10"^® e.s.u.), so that the a particle carried 
two unit positive charges. 

(vii.) Nature of the a Particle . — Evidence 
so far accumulated pointed to the conclusion 
that the a particle was a helium atom carrying 
two unit positive charges. The following 
experiment carried out by Rutherford and 
Royds ® confirmed this. 

*A quantity of emanation was compressed 
into a thin-walled glass tube A which w'as 
surrounded by a vacuum jacket T {Fig. 9). 
The thickness of the wall was loss than 0-01 
mm. This was strong enough to withstand 
atmospheric pressure, and the a 
particles readily passed through it, 
as was shown by the scintillations 
on a zinc sulphide screen hold near 
the tube. The gases in the tube 
T could be compressed into the 
spectrum tube S by means of the 
mercury column H ; 
the colour of the dis- 
charge through this 
tube was then ex- 
amined spectro- 
scopically. Two days 
after the emanation 
was introduced into 
the tube, the spec- 
trum showed the 
yellow line of helium, 
and m six days^ 
time the ’ whole 

helium spectrum was observed. To show that 
the helium was not derived by diffusion from 
the inner tube, the emanation was removed 
and helium substituted. No trace of helium 
could be detected in the outer tube after 
standing for several days, so that the helium 
in the first instance must have originate<l 
from the a particles which had passed through 
the glass wall of the emanation tube. 

There is therefore no doubt that tlie a 
particle is a helium atom carrying two positive 
charges or, in other words, it is a helium atom 
which has lost two electrons. When its charge 
is neutralised the a particle becomes a normal 
hehum atom. 

§ (12) HYDnoGBN Partiolbs. — Before leav- 
ing the a particle a brief reference will be made 
to the recent work of Rutherford, wdio has 
made a close quantitative study of the effect 
on an a particle of its passage through atoms 
of matter. Bragg had shown that the a 
particles pass straight through the atoms of 
matter in their path ; this is undoubtedly 
the case with the majority of the a particles 
in the stream ; but there are exceptions, in 
which cases the a particile suffers large 
deflections. This “ occasional large-angle 
» Rutherford and Royds, Phil. Mag., 1009, xvtt. 281. 
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scattering ” is to bo distinguished from the 
very slight deviations in difforonb directions 
according to tho laws of probability which 
later more detailed examination has shown 
to happen to the a particle as it traverses 
matter. Those facts point to tho conclusion 
that the central nucleus of the atom is very 
small, but however small it is an occasional 
a paiticle is certain to strike it absolutely 
“ head on.” It is those occasional close 
encounters that have been examined by 
Rutherford.^ When such a collision takes 
placse between tho a particle and tho nucleus 
of a heavy atom, tho former will either be 
violently swung t)ut of its path if tho collision 
is not absolutely “ head on,” or repelled tho 
way it came almost at its original velocity if 
it is head on.” 

When, however, a “ head-on ” collision takes 
place between the o particle and the nucleus 
of a lighter atom — ^for example, atoms of 
hydrogen — then, in this case, tho hydrogen 
atom would bo propelled in tho same direction 
as that of tho a particle with a velocity far 
gretiter than tho velocity of tho original 
particle, and it would consequently travel 
a greater distance in hydrogen gas than tho 
a particle before it is stopped. This was 
actually found to bo the case in hydrogen. 
Those high-velocity atoms were, for the sake 
of cloamesa, termed by Rutherford H -par- 
ticles. Tho same phenomenon was observed 
also in tho case of oxygen and nitrogen. In 
the case of nitrogen, however, there wore 
observed in addition to tho N-particlo, whoso 
range was only slightly longer than that of 
the a particle itself, particles of long range 
and other characteristics exactly similar to 
the H-partiiclos produced in hydrogen gas, 
one H-particle being observed for every twelve 
N-particlos ])roduoed, which suggests that tho 
nuolotis of the nitrogen atom struck by an a 
partiede is oectuiionally shattered by tho 
oollisiori and that hydrogen atoms are produced 
from it. hater experiments carried out on 
these partusles by subjeciting thorn to tho 
action of oleetric? and magnetic holds proved 
that tho i I- j)arti(de8 generated in hydnjgon 
and also in nitrogen e-onsisted of hydrogen 
atoms, eacli carrying a single positive charge. 
Tho “ N-particlcH ” and “ 0-par6icdea ” were, 
however, not singly cihargod atoms of nitrogen 
and oxygen respectively, but were found to 
be identically the same and consisted of an 
entirely now particle of mass 3 carrying two 
positive charges. 

Hence a nitrogen atom coming into close 
niudcar collision with an a particle is shattered, 
yielding 'in some oases atoms of hydrogen of 
mass I carrying a single positive charge, 
and in others atoms of a new kind of mass 

1 llulrhorfonl, Phil. 11)10, xxxvil. 637; 

Roy. hioc. Vroc.t 1020, A, xevil. 374. 


3 carrying a double positive charge, lii tho 
ciuse of oxygen only atoms of tho new kind 
of mass 3 are produced. 

§ (13) (-i Rays, (i.) General Properties . — Tho 
general properties of the rays are identical 
with those of tho cathode rays in a discharge 
tube. They are negatively charged particles 
or “ electrons ” projected at high velocities ; 
tho velocity of a ^ paiticlo is far higher than 
that of tho fastest known cathode ray, in some 
cases the velocity is almost indistinguishable 
from that of light. It is probable that the jQ 
ray has its origin in tho central ])ositivoly 
charged nucleus of the atom and, as in the 
ctiso of the a particle, each dismtograting atom 
omits one particle only.® 

The character of tho rays is brought out 
very clearly in Strutt’s ® radium (dock. A 
small quantity of radium salt is cncilosod in 
tho tube A, whoso walls are thick enough to 
absorb tho a rays [Pltj. 10). This is suspended 
in an outer tube and insulated 
from it. A pair of gold loaves 
are attacho(l to tlio bottom 
of tho tube A and are in 
metallic connection with the 
radium. If tho outer tube is 
highly exhausted, the radium 
becomes positively charged 
owing to tho loss of particles 
and the loaves diverge. If tho 
vacuum is high several hundred 
volts may be reached before 
the loss of charge through tho insulator and 
gas balances tho rate of supply. In one form 
of tho instrument, two plate olootrocU^ B and 
0 are scaled into the glass bulb, one on cither 
side of tho loavoH and both connected to 
earth. Those serve to discharge the leaves 
after a certain divergence has been reached. 
Tho charging and discharging of tho loaves 
will in this way go on indefinitely. 

(ii.) Magnetic. HpecMm,. — ^ rays are readily 
bout by com])arativoly weak tnagnotio fields, 
and, sin(?o they carry n negative charge, tho 
(Ictlcction is in th<^ opposite direction to that 
j)roducod in tho cose of tho a rays. If all tho 

rays in a beam emitted by a radioactive 
body were* travelling at the same velocity, 
tho deflection produced by the magnetic fiol<i 
would ho tho same for each ray; this, how- 
ever, is never found to be tho case, so that 
tho particles are not expelled from the radio- 
active body all with tho same velocity. In 
some cases tho magnetic spectrum is con- 
tinuous, in other cases there arc distinct linos 
in tlio spectrum showing that there are 
present in tho beam groups of rays of definite 
velocity. 

An example of tho spectrum of the 
particles omitted by tho active deposit of 

* Moseley, Roy, Vroc.^ 1012, A. Ixxxvii. 280. 

• Strutt, PhU. Mag., 1903, vl. 588. 
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radium, photographed by Rutherford, is 
shown in Fig. 11. The rays, after passing 
through a narrow slit, fell on a photographic 
plate placed at an angle of about 46° with 
the horizontal. The central line is due mainly 
to the a rays ; the j8 rays show on both sides 
of this line because the magnetic field was 
reversed during the experiment. The lines 
in some cases are very numerous ; for instance, 
48 lines for radium 0 have 
been observed with veloci- 
ties ranging up to 0-986 of 
the velocity of light. It is 
possible, however, that the 
initial energy of each a 
particle from a single radio - 
element is the same. The. 
particle has its origin in the 
nucleus, and it has to pass 
through successive rings of 
electrons surrounding the 
nucleus before it leaves tho 
atom. In this process energy 
may be lost in quanta, and 
there is evidence to show 
that this is actually the 
case. The energy lost in 
this way reappears again as 
y ray energy. 

(iii.) Abaorjption of ^ Mays by Matter . — The 
absorption of jS rays is investigated by placing 
thin sheets of the absorbing material in the 
path of the rays and measuring the activity 
through different thicknesses. 

It is found that the absorp- 
tion of the rays follows an 
exponential law, that is, if 1^, is 
the activity when no absorbing 
material is interposed and I the 
activity when the rays pass 
through a thickness d, then 

. . (9) 

where is known as the co- 
efficient of absorption of the j8 
rays in the absorbing material. 

The absorption coefficients of 
the jS rays from uranium X in 
aluminium, copper, and lead are 
14 cm."^, 66 cm.“^, and 103 cm."^ respectively. 

Since the rays are absorbed according to 
an exponential law, then each equal suc- 
cessive thickness of material interposed pro- 
duces the same percentage reduction in the 
radiation remaining after traversing the pre- 
vious layers. It was initially thoffght that this 
exponential law of absorption was a proof that 
all the rays travelled with the 'same velocity 

^that is, that the beam was homogeneous. 
Wilson ^ showed, however, that this was no test 
for homogeneity of the rays. The experiments 

Wilson, Rov. Soc. Proc„ 1909, A, Ixxxii. 
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of Von Baoyer, Hahn, and Meitner® also 

showed that rays which obey tho exponential 
law of absorption wore divided into gri>upH 
of different velocities when subjected to a 
magnetic field. When tho difforciK^os of 
velocities of the groups are largo, thou tho 
law of absorption is no longer exponential. 

To obtain tho true value of the abBorj>tion 
coefficient of jd rays it is nocoasary to work 
with pitsparationa, sucdi a« 
active deposits, that can be 
obtained free from other 
matter, in tho form of very 
thin films in which the 
absorption of tho fi rays is 
negligible. Tho fi rays at<vi't- 
ing from tho surface of a 
layer of uranium (>xid(N for 
instance, will have a higher 
velocity than those that come 
from beneath tho nurfatfo. 
Tho oifoct on the emission 
of ^ particles frorti dilToreut 
thicknesses of uranium t)xido 
is shown in 12. T'he 

ionisation is lU’oportional ti> 
the thickness for thin layt^ru, 
but as the thickness l>eoom<‘M 
greater it inesreast^s less 
rapidly, ultimately reaching a steady value, 
in which case the radiation from tho 
is complotcdy absorbed by 
material in tho upper layers. 
Tho curve gives auffioient 
data to oaloulato tho ab- 
sorption coefficient of the /» 
rays in the uranium oxuie 
itself. Consid(uing a thin 
layer of thiekness dx at a 
distance x, bidow tho surfoot^ 
of tho active material, wc 
have 

ill . (10) 

where (It is the amount <if 
rtwliation (Altering the m€‘.asur- 
ing vessel from th<^ Iay(^r dx 
of active material. Hence the 
/ total amount of ra<liation 

emitted by a layer of finite thi<^knertB d is 
given by the expression 

I«=Io^*e-M!rda:r . (H) 

As the thickness of the layer increases, this 
tends to the value JJjx, which is a constant, 
Ip being the intensity of tlui ra<liati(Ui <unitt^*<i 
by a very thin layer of tho active mnt(‘rial, in 
which case there would bo no almorption, and 
g is the absorption coefficient of tlje radiation 


lower 
the active 
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in the material. Indicating the steady value 
of the intensity hy I®, then 

= . . ( 12 ) 

The value oftho coofiioiont of absorption of 
the uranium oxide for the ^ rays can ho 
calculated from this expression hy substituting 
the values of and loo obtained from the 
curve, 

(iv.) ScaUered jSi When ji rays fall on 

a layer of matter, part of the radiation is 
absorbed and x)art is scattered. This scattered 
radiation is identical in typo witlx the primary 
j3 rays, but is always of loss average penetrating 
power than the latter. Its amount increases 
as the atomic weight of the radiator increases. 
Kovarik and Wilson ^ have also shown that 
the amount of scattered radiation from 
different materials increases with tlio velocity 
of the (i rays uj) to a certain point and after- 
wards deeroasos. The above results ajxply to 
thick layers of material in which a oonsidorahlo 
amount of absorption takes place. In order 
to bo able to compare ox^xorimontal results 
with any theory of scattering, it is desirable 
to do away with appreciable absorption and 
consoquontly to use very thin layers ^ of 
scattering material. Two theories of scattering 
have been put forward, the one by J. d. 
Thomson* and the other by Rutherford.® On 
the former theory the scattering is supposed 
to bo due to the chance combination of 
multitude of successive minute deflections. | 
The fS particle as it encounters one atom 
after another in its passage through matter 
is deflected in different directions, but the 
average value of this deflection over a very 
largo number of oncountoi’S will bo a finite 
quantity. If 0 is the average deflootixin duo 
to each encounter with an atom, it can bo 
shown that the moan doik^cstion after n en- 
counters is ejir, Honce, if the rays pass 
through a plate of thuikneas t containing K 
atoms of radius b per unit volume, the 
average deflection which 'they ox])orienoo is 
0 a / NTrbH, 

Rutherford, on the other hand, assumes 
that a moving electrified ])aiticlo can bo 
deflected through a huge angle by a single 
atomic encounter, and ho attributes the main 
features of the scattering of particles when 
they pass through thin layers of matter to 
this single scattering. The two theories differ 
also as to the constitution of the atom — in 
the former the atom is supposed to be con- 
stituted of electrons aecompaniod by an 
equal quantity of positive elootricity, the latter 
being distributed with uniform volume density 

^ Kovarik and Wilson, Mag., 1010, xx. 800. 

• ,T. J. Thomaon, Camh. JPM. 8oc, Pw.t 1910, xv. 
465. 

» Rutherford, Phil, Mag,, 1011, xxl. 609. 


throughout a sphere whose volume is equal 
to that of the atom ; whilst in the latter the 
atom is imagined to consist of a central 
positive nucleus carrying a charge -1-NoC 
surrounded by electrons carrying altogether 
a negative charge equal to the positive charge 
on the nucleus. 

When the layer of scattering material is so 
thin that there is no absorption of the radia- 
tion, both theories lead, to constant values for 
the fractions <l>l and where <p is 

any particular mean deflection, the thickness 
of material required to cut the radiation down 
to half value, and the energy of the j8 

particle. The actual values of the constants 
are different, however, on the two theories, 
and consequently the values of the number of 
electrons in the atom which can be deduced 
from the value of (f>l fji^^ will differ in the two 
cases. 

The experiments of Crowther ^ on the 
scattering of fi rays by very thin sheets of 
different materials showed that the fractions 
and mu^l sj\ were both constant in 
accordance with theory. Calculating the 
number of electrons in atoms of the metals 
Al, Cu, Ag, and Pt, which were employed in 
the investigation, the results based on Ruther- 
ford’s theory agree more closely with the 
number of electrons per atom as determined 
by X rays than do those based on Thomson’s 
theory. 

§ (14) 7 Rays, (i.) General Properties . — 
One of the chief oharaoteristios of these rays 
is their groat penetrative power. It is possible 
by moans of the electroscope to detect the 
7 radiation omitted by 30 milligrammes of 
radium after it has passed through 30 cm. of 
iron. The 7 rays are always found associated 
with rays, and they are emitted in large 
amounts only from those radioactive bodies 
that omit penetrating jS rays. A beam of ^ 
radiation falling on any substance gives rise 
to 7 radiation in the same way that a beam 
of cathode rays ])roduoes X rays. Just as* X 
rays liberate corpuscular radiation when they 
fall on a substance, so 7 radiation liberates 
f) particles, the only difference being in the 
velocity of the particle liberated. 

(ii.) Absorption of 7 Pa^s from Radium . — 
To measure the absorption of 7 rays in any 
substance it is necessary to eliminate the 
effect duo to the ^ rays. The latter may be 
removed either by deflecting them from the 
measuring apparatus by means of a magnetic 
field or by absorbing them in a layer of matter 
of sufficient thickness. The latter method is 
the one usually, adopted, a screen of lead 
3 mm. thick being sufficient to absorb almost 
completely the |9 rays emitted by radium and 
its products. 

< Crowther, Roy. Soo. Proc., 1910, A, Ixxxlv. 220. 
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The absorption of the rays can be measured range of densities ; for other substances the 
by means of an electroscope. Sheets of densities of which do not lie within the above 
known thickness of the material investigated limits the value of f^jp is greater. 
a.re placed in the beam, and from the knowledge y rays from difPerent radioactive products 
of the deflection of the leaf with and without have different penetrating power. ^ The rola- 
the absorbing material respectively in front tive values of the absorj)tion coefficients are 
of the electroscope the absorption coefficient of given in the following table : ® 
the material for the radiation 


can be calculated by means of 
the formula 

I=Ioe-^«, . . (13) 

where I and are the in- 
tensities of the radiation enter- 
ing the electroscope with and 
without the absorbing screen, t 
the thickness of the screen, and 
/* the coefficient of absorption. 


Tablu IV 


Absorbing Screen. 

y Knys from 

Radium 0. 

Thorinm D. 

MoHotUoriiuii 2. 

Uranium X. 

Load . . • 

10 

0-924 

1-24 

1-45 

Zinc .... 

10 

0-82 

1-0(5 

1-18 

Paraffin wax . 

10 

0-78 

1-2(5 

1-08 


It is important that the 
walls of the electroscope are sufficiently 
thick to absorb ^ radiation that may be 
excited by the radiation which falls on objects 
in the vicinity; also the windows through 
which the gold leaf is viewed should be 
well shielded. The values of the absorption 
coefficient depend somewhat on the arrange- 
ment of the apparatus. The following figures 
for the absorption of 7 rays from radium in lead 
are due to Tuomikoski : ^ 


Tablb II 


rhiukriesa of 
Lead in uin. 

lonlBation 

Current. 

TbloknuM of 
Lead In cm. 

Ionisation 

Current. 

0-3 

100 

7-0 

2-67 

1-0 

Cl-G 

8-0 

1-62 

2-0 

33-1 

9-0 

1-00 

3-0 

19-9 

10-0 

0-63 

4-0 

11-7 

11-0 

0-39 

6-0 

7-07 

12-0 

0-30 

j 6-0 

4-20 




The values of the absorption coefficients over 
the difierent thicknesses are given in the 
following table : 


Table III 


Thickness of Lead in cm. 

fi cm."^ 

0-4- 1-0 

0-70 

1-0- 2-2 

0-58 

2-2- 6-4 ' 

0-62 

6-4-12-0 

0-60 


The absorption of 7 rays in various sub- 
stances shows that for substances whose 
densities lie between 2*6 and 8-8 the absorption 
is very approximately proportional to the 
density. The value of the mass absorption 
coefficient (^a/p) is therefore constant over this 

1 Tuomikoski, PTiys. Zeils., 1909, x. 372. 


The rays from thorium D are more penetrating, 
while the rays from meso thorium 2 and uranium 
X are slightly less penetrating than the rays 
from radium C. 

(iii.) Scattered 7 Radiation. — In addition to 
the production of jS rays, y rays in traversing 
matter give rise to a scattered radiation of the 
y type. The amount of this scattered radia- 
tion appearing on tho emergent side of a 
radiator is always much greater than that on 
the incident side. This asymmetry in the 
distribution of the radiation is also observed 
with X rays, but tho offoct is not so marked as 
with 7 rays. IToranco ® found that tho quality 
of the scattered radiation varied at difforeixt 
angles with the direction of tho primary beam, 
the radiation scattered through a largo angle 
being much more easily absorbed than the 
primary 7rays. The scattered radiation appear- 
ing on the side of incidence is also softer than 
that on tho emergent side of tho radiator, 

(iv.) Nature of yRays. — There has been a good 
deal of controversy as to tho nature of y rays, 
but recent experiments on tho diffraction of 
the rays have definitely proved that the rays 
are of the same nature as X rays, Le. aetborial 
pulses, the only difforonco being that the wiivc- 
length of y radiation is much slu)rt(^r tliaii that 
of X radiation. 

Rutherford and Richardson ^ showed that 
radium C omits one and radium B two typ('8 
of 7 radiation, each of which is exponentially 
absorbed in aluminium. Those radiations 
were carefully examined by Rutherford and 
Andrade ® by reflecting them at a face of rock 
salt crystal. Tho source of radiation was a 
thin- walled a ray tube containing about KM) 
millicuries of emanation in equilibrium with 
its products A, B, and 0. A diverging cone 

* Bussell and Soddy, Phil. Mag., 1011, xxl 130. 

* Florance, ibid.^ 1910, xx. 021. 

* Butherford and Bichardson, ibid,, T013, xxv. 
722. 

* Butherford and Andrade, ibid,. 1914. xxvil. 
864; xxviii. 263. 
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of rays fell on the crystal face, and the 
distribution of the reflected radiation was 
examined by the impression produced on a 
photographic plate placed 10 cm. from the 
centre of the crystal. 

The spectrum of the 7 radiation from Ra B 
was found to consist of 21 lines having wave- 
lengths ranging from 0*793 x 10"® cm. to 
1*3()5 X 10”® cm., the two strongest lines being 
reflected from the ( 100 ) face of rock salt at the 
angles 12°*05 and 10®*05, and therefore having 
wave-lengths 1*17(5 x 10"® cm. and 0*983 x 10"® 
cm. 

The wave-lengths of the penetrating 7 radia- 
tion from Radium C wore found to range from 
0*71 X 10"® cm. to 1*96 x 10"® cm. 

§ (15) Various Effects prodtjoed by the 
Radiations. — It lias already been pointed out 
that the radiations ionise gases through which 
they pass and, in oon3eq.uonco, make them 
temporarily conductors. This is effectively 
demonstrated by bringing a little radium near 
the secondary terminals of an induction coil. 
If the two terminals are so separated that a 
spark just does not pass between them when 
the coil is running, by bringing some radium 
near the gap the spark will readily pass. This 
property of the radiation from radium is made 
use of when it is desired, during the course of 
an investigation, to prevent electric charges 
accumulating on the surfaces of different parts 
of the apparatus. 

The salts of radium are all luminous in the 
dark, and the radiations produce marked 
luminescence in certain salts (see article on 
“ Radium ”). Certain bodies after exposure 
to the radiations become luminous when they 
are heated to a temperature much below that 
required to produce incandescence. Fluor- 
spar and kunzite possess this property of 
thermo - luminescence to a marked degree. 
Those substances are able to store the energy 
which they take up for a long period of time. 
The explanation suggested for this effect is that 
the rays cause chemical changes which arc 
permanent until , Heat is applied which releases 
in the form of visible light the energy absorbed. 

Class exposed to the radiations for some 
time becomes coloured, soda glass is coloured a 
deep violet, and after a long period under the 
influence of the rays it becomes almost black. 
Other glosses are coloured yellow and brown 
under the action of tho rays. This coloration 
is produced by all three types of radiation ; 
that duo to the a rays extends only a short 
distance corresponding to the range of the a 
particles in the glass, whilst that due to the 

and 7 rays extends throughout the whole of 
tho glass. Mica plates acquire a brown or a 
black colour under the action of a rays. It 
had long been observed that certain kinds of 
mica contained small coloured areas whose 
sections were always circular and in whose 



centre there was usually a minute crystal of 
foreign matter. Under the action of polarised 
light these exhibited tho property of plco- 
chroism, and for this reason were called 
“ ploochroic halos.” Joly ^ found that the 
nucleus of these areas was radioactive and 
that the coloration was due to the a rays 
expelled from this nucleus. Tho halos ex- 
hibit a well-marked structure clearly shown in 
Fig. 13, which is a micro-photograph of a 
halo whose nucleus is ^ 

a uranium mineral.® 

The central dark area 
is produced by the 
collective action of all ^ 
the. a particles emitted 
by tho nucleus, and 
the boundary of it 
defines tho range of 
the tt particles from - - : 

radium itself. The Pig. 13 , 

next dark edge corre- 
sponds to the range of the swifter a particles 
from radium A, and tho edge of the outer 
ring to the range of the a particles from 
radium 0. It is possible to find in the mica 
halos in various stages of development. In 
some may bo found only tho central “pupil,” 
0*03,3 mm. in radius corresponding to the 
range of the slower a particles from radium, 
but in more developed cases an outer ring 
always appears whose radius is 0*03 mm. 
corresponding to the range in mica of the a 
particles from radium C. Other halos have 
different diameters, and it is possible to decide 
from the dianieter of tho halo whothor the 
nucleus contains uranium or thorium mineral. 
Tho fastest a particle emitted in the thorium 
series would travel a distance of 0*038 mm. in 
mica, and it was found on examination that 
halos of this dimension wore obtained when the 
nucleus consisted of thorium mineral. 

It has been estimated that the number of a 
particles omitted by the nuclei of those halos 
is of tho order of 100 x>cr year. Tho effect of 
this expulsion on tho mica would bo infinitesi- 
mal over a short period, so that it has prob- 
ably taken several hundred million years to 
produce tho actual halos that have been 
observed. 

Tho action of a rays on i)hotographio films 
examined by Kinoshita and Ikouti® are of 
interest in this connection. A sowing needle 
carrying at its point a minute trace of radium 
active deposit was employed as a source of a 
rays. After the point of the needle had been 
in contact with tho photographic plate for a 
short time, tho plate was developed and a 
fine spot became visible to tho naked eye. 
Under the naioroscope this spot was found to 

» Joly, Phil Mag., 1907, xili. 381. 

“ Joly and Fktchcr, ibid., 1910, xlx. 630. 

® Kinoshita and Ikeutl, ibid., 1916, xxLx. 420. 
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consist of a multitude of radial trails of silver 
grains around a circular dark nucleus. Halos 
were also observed and were shown to be pro- 
duced by a process similar to that of the 
pleoohroic halos. 

Another important effect of the radiations is 
the decomposition of water. This is brought 
about by all three t 5 ^e 8 , but the effect due to 
the a rays is much greater than that due to the 
^ and 7 rays. The effect is probably due to 
the ionisation of the water molecule, which is 
accompanied by the chemical dissociation of 
the molecule with the liberation of hydrogen 
and oxygen. Hence it is important, when 
sealing radium in tubes, to see that the salt 
is dry, otherwise in the course of time the press- 
ure of the evolved gases inside the tube may 
become so great as to burst it. 

§ (16) Thd Emanations. — Rutherford ^ 
found that thorium emitted, in addition to the 
radiations, a radioactive gas which he called 
the emanation. The amount given off is 
exceedingly small, but the ionisation produced 
by it is sufficiently large to be readily measured 
by means of an electroscope. The emanation 
can be carried away from the neighbourhood of 
the substance emitting it by a current of air, 
and its activity will not suffer appreciable loss 
when it is passed through a plug of cotton- wool 
or bubbled through solutions on its way to the 
measuring apparatus. 

Shortly after the discovery of thorium 
emanation, both radium and actinium were 
found to give off emanations. The activity of 
each of the emanations decays according to an 
exponential law with time. Actinium and 
thorium emanations are short-lived, their half- 
value periods being 3-9 seconds and 54 seconds 
respectively, and on this account it is difficult 
to remove them quickly enough from solution 
before they disintegrate. Radium emanation, 
on the other hand, has a half -value period of 
3*85 days, and practically the whole of it 
can be removed by passing a stream of gas 
through, by exhausting, or by boiling the 
solution. 

Solid preparations differ enormously in the 
readiness with which they part with their 
emanation. In the case of thorium the best 
emanators are the hydroxide and the carbonate. 
After ignition to oxide the emanating power is 
greatly reduced. The higher the temperature 
of ignition the greater is this reduction, until 
after ignition at a white heat the emanating 
power may be reduced to a small fraction (a 
few per cent) of that of the unignited compound. 
The nitrate, oxalate and sulphate are all poor 
emanators. In the case of radium, the brom- 
ide is a better emanator than the chloride. 
Erom the sulphate and, to a less extent, the 
carbonate, very little emanation escapes in the 
solid. It has been found, however, that the 
1 Eutherford, Phil Mag ,, 1900, xUx, i. 


same compounds may exhibit in this respect a 
marked variation in behaviour. 

Hence if the radioactive substance is required 
to retain its emanation in the open it is best in 
the case of radium to keep it as sulphate, and 
in the case of the other two radio-elements in 
the form of highly ignited oxides. If the 
emanation is required, the radioactive material 
is best kept in solution. 

All the three emanations have distinct 
chemical and physical properties ; they have 
characteristic bright line spectra, they are also 
chemically inert, and in consequence they are 
classed with the argon-helium group of the 
periodic table. They also all omit a particles 
and can be condensed at liquid air temperature. 

§ (17) Radium Emanation.— If a solution of 
radium is kept in a sealed flask, the emanation 
steadily accumulates with time, reaching the 
equilibrium value in about a month’s time. 
Oxygen and hydrogen are at the same time 
evolved owing to the decomposition of the 
water by the radium. On exploding the gases, 
a slight excess of hydrogen remains with the 
emanation. The hydrogen can be removed by 
passing the mixture into a bulb immersed in 
liquid air, where the emanation will bo con- 
densed and the hydrogen together with any 
helium produced by the emanation can then 
be pumped off. The liquid boils at about 
- 62° C. at ordinary atmospheric pressure and 
the solid molts at about - 71° 0. The liquid 
emanation is colourless and transparent, 
whereas the solid is opaque and glows with 
great brilliancy and is of a steel-blue colour. 
As the temperature is still further lowered, the 
colour changes to yellow and becomes a 
brilliant orange rod at the temperature of 
liquid air. 

The volume of emanation at normal tem- 
perature and pressure, in equilibrium with 
1 gram of radium, is found by experiment to 
be 0-62 cubic mm. This is also the value 
calculated on the assumption that the emana- 
tion molecule consists of single atoms, so that 
the agreement between theory and experiment 
directly proves the monatomic nature of the 
molecule. The atomici weight of ratlium 
emanation is 222*0, four units loss than that 
of its parent, radium, which has lost an a 
particle in the process of disintegration. 

Radium emanation is soluhlo in water, the 
coefficient of solubility being about 0*3 at 
ordinary temperature and ()-12 at 80° (I It is 
more soluble in petroleum and toluene, the 
solubility coefficients being 9*5 and ],1*7 
respectively at ordinary temperature. 

§ (18) Aotive Deposits. — Bodies which have 
been exposed for some time to the emanations 
from radium, thorium, and actinium a<-quir (5 a 
temporary activity of their own, owing to the 
deposition of active matter t)n their surfaccs- 
This “ active deposit ” consists of the dis- 
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integration products o£ the emanation which, 
in each case, are non- volatile at ordinary tem- 
peratures and have a relatively short period of 
life. When the emanations are allowed to 
decay in a strong electric field Rutherford 
found that the activity was confined entirely to 
tjje negative electrode, which indicates that 
the carriers of the active material must bo 
positively charged. Owing to the fact that 
these products are xjroduced from the emana- 
tion by the expulsion of a imrticles, it would 
ho exxjcoted that the active deposit would be 
negatively charged. This apparent anomaly 
may bo explained as follow^s. The atom 
emitting the a particle recjoils and collides with 
the gas molecules in its path. During these 
collisions negative electrons are shaken out 
of the rec(nling atom, which in consequence 
acquires a positive charge. Evidence in sup- 
port of this view is the fact that a particles 
emitted by an active material are accompanied 
by a largo number of 5 particles which, as we 
have already seen, are slow speed negative 
electrons. 

The active deposit may bo concentrated and 
collected on a metal surface or a wire by making 
the latter the negative electrode inside a metal 
vessel containing the emanation, the vessel 
itself being connected to the positive pole of 
the source of potential. The potential gradient 
necessary to concentrate the whole of the 
active deposit on the negative electrode varies 
according to circumstances. It will, in general, 
be the same as that necessary to produce 
“ saturation ” of the ionisation current through 
the gas xindor the conditions of experiment. 
Higher potential gradients than 60 volts per 
centimetre are seldom necessary except in the 
case of intensely radioactive preparations or 
when the area of the surface to be covered 
with the deposit is very small. 

To collect thorium and actinium active 
deposits the arrangements shown in Fig, 14 are 
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convenient for concentrating the deposits on a 
wire and on a plate respectively. The active 
material is placed in a shallow dish in each 
case, and the emanation escaping from it 
allowed to diffuse into the vessel. As it decays 
it produces active deposit whioh is driven, by 
the electric field to the cathode, a wire in the 
one case and a i)lato in the other. To obtain 


the imixiniuin activity the surfaces should be 
exj)osed for three hours in the case of actinium 
and three days in the case of thorium. It 
is, of course, advisable to use the salts that 
are the best emanators in each case. It is 
also an advantage to keep the salt slightly 
damp. 

The above arrangements are not suitable 
in the case of radium on account of the long 
life of the emanation and its tendency to 
remain occluded in the radium salt. In this 
case the radium salt is dissolved in hydro- 
chloric acid. The solution is placed in a 
stoppered bottle and kept positively charged 
by means of a wire which dips into it. The 
surface to be coated with active de})osit is 
suspended above the solution in the bottle 
and is charged negatively. An exposure of 
three hours suffices to collect the maximum 
amount of active deposit. 

In dealing with largo quantities of radium 
the above method is unsuitable, because the 
sttjpper has to bo removed when the surface 
to be coated is inserted into the bottle, with 
the result that an appreciable amount of 
emanation is lost. Also part of the emanation 
remains in solution and docs not contribute 
to the activation of the surface. The follow- 
ing method, which diminishes the risk of any 
loss and makes the best 
use of the radium, is 
always employed when 
largo quantities of radium 
are dealt with (Fig. 16). 

The emanation is first 
of all collected over mer- 
cury in the glass tube A. 

This is then introduced 
into the mercury reservoir 
M. The wire w which is 
to bo coated with active 
deposit is soalod into the 
bent glass tube T and is 
connected to the negative polo of the 
battery. It is surrouncled by an iron sheath 
F which fits the tube A and is in metallic 
contact with the mercury which is connected 
to the ])ositivo 1 ) 0 lo of the battery. It is 
advisable to use a high potential gradient in 
order to collect as much of the active material 
as possible — oven 1000 volts per centimetre 
may be necessary in some oases. It is also 
preferable to use a platinum wire on whioh 
to collect the active deposit, as it is often 
necessary to dissolve the latter in strong acid 
or to volatilise it by exposure to a high 
temperature. 

§ (19) lUniOAOTivK Rbooil, — Since the 
mass of the a' particle is equal to that of a 
helium atom (6*66 x 10"** gm,), and it is ex- 
pelled at a high velocity from the atom, it 
possesses considerable momentum. At the 
moment the a particle is expelled the residue 



FIG. 16. 



58B 


RADIOACTIVITY 


of the atom acquires aa equal and opposite 
momentum and recoils at a considerable 
velocity. The recoiling atom is, therefore, 
able to penetrate a certain thickness of matter 
before it is brought to rest, and may even 
leave the surface upon which the radioactive 
product is deposited and be concentrated on 
another surface by the application of an 
electric field. It is possible in this way to 
separate certain disintegration products from 
the parent atoms. 

Consider, for example, a surface made 
active by a short exposure to radium emana- 
tion. Immediately after removal from tho‘ 
emanation the activity is almost entirely due 
to radium A. An atom of radium A dis- 
integrates with the expulsion of an o particle 
whose velocity is 1*77 x 10® cm. per second. 
The atomic weight of radium B — ^the residual 
part of an atom of radium A after the expulsion 
of an a particle— is 214, so that by the principle 
of momentum its velocity of recoil will be 
3-27 X 10’ cm. per second. An atom of radium 
B therefore leaves the active material with 
this velocity, but since its kinetic energy is 
small (compared with that of the a particle) 
it will be able to penetrate only a very small 
thickness of matter— it will be stopped by one- 
tenth of a millimetre of air at atmospheric 
pressure. A recoiling radium D atom from 
radium 0 has a “ range ” of 0*14 mm. in air 
at atmospheric pressure. Since the range of 
the recoil atoms is so short, it is necessary for 
successful separation by recoil to obtain the 
active material in the form of a thin uniform 
deposit on a carefully polished surface. This 
is supported in a good vacuum opposite to 
the surface on which it is desired to collect 
the recoil product, and connected to the 
positive pole of a battery. Almost all the 
recoil atoms moving away from the active 
plate, which is half the total number, may be 
separated in this way. 

§ (20) Thiory of Sitoobssivb Transforma. 
TiONS. — A full description of the theory of 
successive transformations of radioactive 
matter will not be attempted here. A few 
simple cases only will be considered which 
will illustrate the application of the theory 
to practice.^ 

(i.) Decay of Thorium Active Deposit . — The 
active deposit of thorium consists of the 
members of the thorium series included 
below thorium emanation in Table I., and of 
these only the first three need be taken into 
account when making a ray measurements. 
The products thorium A and thorium C emit 
a rays whilst thorium B emits soft ^ rays. 
Further the period of thorium A is only 0-2 
second, so that the active deposit after removal 
from the emanation will behave as if it con- 

' See Makower and Geiger, ’Practical MeasuremefUs 
in RadioactivitVt P> 80. 


sisted only of two substances, namely thorium 
B and thorium C. 

{a) Short Exposure to Emanatioyi , — In this 
case the plate to be made active is exposed 
to the emanation for a few minutes and then 
removed. The plate is then transferred into 
an a-ray electroscope ; in the course of tl^Js 
transference, unless it is carried out exceed- 
ingly rapidly, the thorium A is completely 
converted to thorium B. Assuming that the 
thorium A has all changed into thorium B by 
the time observations are commenced, the 
activity of the deposit at the beginning is due 
entirely to jS rays from thorium B, and con- 
sequently is very feeble. As the thorium B 
disintegrates with the production of thorium 
C, an a-ray product, the activity rapidly rises 
and reaches a maximum value in about four 
hours (see curve ABC, Eig, 16). It then 
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decreases and finally decays exponentially with 
the period of thorium B. 

The rate at which the activity varies with 
time can be calculated if it bo iissumod that the 
influence of thorium A is negligible and that 
initially there is only thorium B ])rcscnt. This 
product disintegrates in accordance with Table 
I., thorium B into thorium (*, and thorium 0 
into thorium D. 

Let P and Q be the number of atoms of 
the products B and C rospoc^tively ])rcHcnt at 
a certain instant, then the rate of iucroiiHe 
of thorium 0 will be given by the difTerciK^e 
between the amount of thorium Cl prodiujod 
by thorium B and the amount of thorium (- 
disintegrating into thorium I), so that 

§=XiP-X,Q, . . . (I.() 

where and X 2 are the radioactive constants 
of B and C respectively, and P is given by 
the equation 

P = Poe-M, . . . (15) 

where Pq is the initial number of atoms of 
thorium B present. The amount of thorium (5 
present initially is zero, so that when < (), 
Q=0, and the solution of equation (14) may 
be shown to be 

. ( 1 (!) 
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This equation should give the same curve as 
ABO in Fig, 16, when the correct values of 
and \ are substituted in it. 

The experimental curve shows a maximum, 
and the time at which this maximum occurs, 
obtained from (16), is given by 




1 , Xj 


(17) 


The values of the radioactive constants Xj 
and Xg may bo deduced from the experimental 
curve ABC. The end portion BC of tliis 
curve follows a simple exponential law, the 
decay being governed by the period of tho 
product of longer life. Hence tho value of 
one of tho transformation constants is im- 
mediately obtained. From equation (16) tho 
curve is made up of two exponentials. Extra- 
polating .the curve BC hack to zero and 
subtracting tho experimental curve from it, 
another exponential curve is obtained, repre- 
sented in the figure by curve EE. This gives 
tho value of tho second transformation con- 
stant. To decide to which product each of 
tho constants is to bo assigned, it would bo 
necessary to separate tho two products and 
examine the rate of decay of activity for each 
separately. 

Tho theory of a short exposure to actinium 
emanation is the same as that for thorium, 
but in this ease tho maximum occurs after 
nine minutes, and in consequence exposure to 
the emanation must not last for more than a 
fraction of a minute. 

(6) Long Exposure to Emanation . — It will 
be assumed hero that tho exposure is so long 
that tho products have had time to reach a 
state of radioactive equilibrium. If bo 
tho number of atoms of thorium A deposited 
per second from tho source, then 

?j,QZ=XjPo=Xj|Qo — XgRQ, . . (IB) 

whoro Pfl, Qo, and are the quantities of the 
products B, C, D present when equilibrium 
has boon reached. 

Combining equation (18) with equations 
(14) and (16) we obtain the equation 




which gives the number of atoms of thorium 
C present at any time after the termination 
of the exposure. This curve is again made up 
of two exponentials, and the values of Xj. and 
Xa may be deduced in a similar manner to 
that described above. 

It should be mentioned that the same 
activity curves would be obtained with thorium 
and actinium if the activity were measured by 
means of the /3 rays instead of the a rays as 
above. 

(ii.) Decay of the Active Deposit of Rediurn . — 
It will bo , observed from Table I. that the 


period of radium A is comparable with the 
periods of the products which follow it, and 
on this account the case of tho decay of the 
active deposit of radium presents more diffi- 
culty than that of thorium or actinium. 

Supposing that there arc P, Q, and R atoms 
of radium A, radium B, and radium 0 present 
at a certain time the amount of each will 
vary according to the following equations : 


dt'- 


dt 


= XjP — XiQ, J- 


dt 


— ^2^ *“ j 


. ( 20 ) 


In the case of a short exposure to the emanation,- 
when only radium A will havo had time to he 
deposited, Qq=:B^= 0, when t=0, and the 
above equations become 


P«Poe"^i*, 


H21) 




•Xi) 


twosimilarT 
terms Jv 


In the case of a long exposure^ the initial con- 
ditions, when' the deposit is removed from the 
emanation, are 


X^Po— X jQq— X3Bo» * • (^2) 

whence 



- « j. 4. « — : 

P _ r XaXge”^!* two similar'! I 
^L(^ 2 ”^i)(^ 8 “'^i) terms J j 


Those equations enable tho numbers of atoms 
of radium A, radium B, and radium C present 
at any time after a short or a long exposure 
to bo calculated. 

Radium A and radium C both emit a rays, 
whilst radium B and radium 0 emit ^ rays, 
and on this account the activity curves will 
be diflerent according to whether tho o rays 
or tho /3 rays are employed for measuring 
the activity. 

The a-ray activity M is given by the equa- 
tion 

M^XjP-l-ifcXsR, . . . (24) 

where k is the ratio of the ionisation produced 
by an a particle from radium C to that produced 
by an a particle from radium A under similar 
conditions. The /3-ray activity N is given by 
the equation 

N-XgQ+ZXgR, . . . (26) 

where I is the ratio of the ionisation produced 
by a /3 particle from radium 0 to that produced 
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by a jS particle from radium B. The theoreti- 
cal otirves calculated from these equations, 
when appropriate values are inserted for the 
ratios h and Z, are shown in Fig, 17 ; curves 



(1) and (2) show the variation of a-ray activity 
of radium active deposit after a long and a 
short exposure respebtively to the active 
material ; curves (3) and (4) the variation of 
the |3-ray activity of radium C only after a 
long and a short exposure to the active material. 
The curves do not give the relative magnitudes 
of the ionisation currents produced by the 
a and the jS rays respectively. 

The above cases will suj0S,oe to show the 
usefulness of the theory to calculate the decay 
curves of radioactive products. A fuUer ac- 
count of the theory and its application will be 
found in Rutherford’s Radioactive Substarices 
and their Radiations. 

§ (21) Chemical Chaeaotbe oe the Radio- 
elements.^ — Each of the radio -elements ap- 
pearing in Table I. has distinct chemical as 
well as radioactive characteristics, and although | 
many of the products are exceedingly short- 
lived their complete chemical properties have 
been unravelled. In some instances the radio- 
active product may be prepared “ chemically ” 
pure, in which case its properties may be 
examined by chemical methods similar to 
those adopted in the case of ordinary elements 
— ^radium salts were prepared by Madame 
Curie suiOficiently pure to carry out an investi- 
gation on the atomic weight of radium. In 
other 'oases a product may be obtained “ radio- 
actively ” pure, in which case it is entirely free 
from other radioactive material, but is mixed 
with a certain amount of inactive matter. 
This may be the case when a radioactive' 
substance is separated by precipitating it in 
the presence of an element resembling it in 
chemical properties. Lastly, a product may 
be prepared “ radio-chemically ” pure, in 
which the radio-element may be mixed with 
a certain amount of inactive matter, but is 
free from substances chemically analogous to 
itself. Such is the case with a product 
prepared by the method of recoil or as active 
deposit. The inactive material present in 
the last two cases will not interfere with the 
detection and measurement of the radioactive 

^ See Soddy, The Chemistry/ of the Radio-elemmU, 
p. 48. 


substance, but it will absorb the radiation 
emitted, a correction for which can bo a}>plio(l 
if necessary. 

The results of the purely chemical stinly of 
the radio-elements has led to tho division of 
the elements into two main classes ; 

(а) Those which possess distinct radioiujtivo 
properties, but whoso chemical charac-tors an"! 
already completely known ; and 

(б) Those which, in ad<iition to poHSosHitig 
a characteristic and distinct radioactivity, are 
new in chemical propcitics. 

An instance of tho first class is ionium. It 
resembles thorium more closely than any 
other member of Group III. of the Period hi 
Table and .is found to l>o ohomically identical 
in properties with it. Tho radioacitivity of 
ionium is quite unique and different from any 
other radio-element, but in its chemical nature 
it is not new. All its chemical propertit's may 
be inferred from those of thorium, which can 
be obtained in largo quantities, wheroas itmiurn 
itself occurs in infinitesimal quantities, and 
even then it cannot ho obtained ‘‘ radio- 
chemically” pure, because thorium is i)r(‘Hcnt 
in all the minerals from which it may In* 
obtained. 

An instance of tho second (dass is radium. 
It resembles barium very closely but not 
absolutely. In this ctiso tho chemical an well 
as the radioactive proportios are uni(pie, and 
we have a now typo of chemical element. 

§ (22) Position of Radio-klkmbnts in tub 
Periodic Table. — It was pointed out by 
Soddy that tho expulsion of an a parthde 
caused a change in the position of a nidio- 
element in tho periodic table by two plat*e« 
in the direction of diminishing mass. Kajans 
also drew attention to the fact that in a 
transformation involving the enuHsion of (i 
rays the resulting proiiuct is more (‘lt‘ctro- 
nogative than the parent Hubstamu^ Further 
knowledge of tho chemical ))rop<*rth'K tlie 
radio -elements has led to a eornphdfC general- 
isation as to the relation of the position the 
radio-element in the periodic system an<I tlic 
nature of tho change in which it is producer 1. 
The generalisation was indoi)en<hmtIy arriv<*d 
at by Russell,^ Pajans,® and Hoddy,* and may 
be stated thus : 

In an a-ray transformation the product falls 
into a group two places lower than that to 
which the parent substance b(‘ longs, wl 
in a jS-ray transformation the ])roduct falls 
into a group one place higher than the parent 
substance. 

The resultant grouping of the mdio-ehi< 
ments is shown in Table* V. It will Im' 
observed that tho a-ray changes ar<i far 
more numerous than the (i-my chang<iH, mid 


* Ilussoll, Chem, Netott, 1018, evil. 4i>. 

8 Faians, Phys. ZeiUs., 1018, xiv. IJU and 13ft. 

* Soddy, Chem. News, 1913, evil. 07. 
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in consequence there is a movement from 
the right to the left extending over the last 
twelve places in the periodic table from 
uranium to thallium. The members in the 
vertical columns of the table are non-separable 
from one another and from the title element, 
except when this is enclosed within brackets. 
Thus uranium Xj, ionium, radio-thorium, and 
radio -actinium are all chemically identical 
with thorium ; they belong to the first class 
mentioned above, all their chemical pro- 
perties being known “ by proxy.” To the 
second class of radio -elements belong, for 
example, mesothorium 1, thorium X, and 
actinium X, which are aU chemically identical 


those elements ; such tests would only dis- 
tinguish between elements in different columns 
of the table, and consequently, would only 
pick out ten kinds of radio-elements, whereas 
radioactivity tests would show the existence 
of thirty-four, so that separate places in the 
periodic table do not correspond with single 
elements necessarily, but with single chemical 
typos of elements. 

When uranium I loses an a particle with 
the production of uranium Xj, each atom of 
uranium Xj is deficient of two positive charges. 
Uranium X^ changes to uranium Xg, and 
uranium Xg to uranium II, with the loss of a 
jS particle in each case, which bmgs the charge 



with radium. Elements of the first class are 
similar to ono or other of the last five elements 
in the periodic table, namely, uranium, thorium, 
bismuth, lead, and thallium. The members 
of the second class, which are new types of 
chemical olcmonts, are identical with one or 
other of five now elements, namely, radium, 
polonium, actinium, the emanations, and 
“ eka-tantalum." The chemistry of radium 
and the radium-emanation is completely known, 
and consequently all the other elements in 
the same column in the table are definitely 
known. Hence, apart from actinium, polon- 
ium, and “ eka-tantalum,” the chemistry of 
the whole of the radio-elements is known. 

§ (23) Isotopes. — Elements with identical 
chemical properties are called “ Isotopes,” 
thus radium B, radium D, thorium B, and 
actinium B are all isotopes of lead. Chemical 
tests would not be able to distinguish between 


on the atom to the same value as it had before 
any transformation took place. Uranium I 
and uranium II are identical in chemical 
character, and the net charge on the nucleus 
of each of the atoms is the same, but owing to 
the loss of an a particle in the transformation 
the masses of the atoms differ by four units. 
Hence it would appear that it is the net 
charge on the nucleus of the atom and not its 
mass that determines its chemical properties. 

Since the expulsion of an a particle displaces 
the element two places in one direction and 
the expulsion of a particle displaces it one 
place in the opposite direction, each of the 
successive places in the periodic table corre- 
sponds with unit difference in the net positive 
charge on the nucleus of the atom. The 
magnitude of the positive charge is now 
known to be exactly equal to the number of 
the element in the periodic table when the 
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elements are arranged in order of atomic 
weight. This number is called the “atomic 
number” of the element. Thus the atomic 
number of hydrogen is 1, helium 2, etc., up 
to that of the last and heaviest atom of 
uranium with atomic number 92. 

Not only do the isotopic elements possess 
the same net nuclear positive charge and the 
same number of electrons in their external 
systems, and are chemically identical and 
inseparable ; their common purely physical 
characteristics, such as spectrum and vola- 
tility, are also found to be identical. 

It has recently been found that this pro- 
perty of isotopism of the elements occurs 
frequently amongst the elements. Aston ^ 
has found that neon, for instance, is a mixture 
of two isotopic gases of atomic weight 20-00 
and 22*00. Similarly chlorine contains no 
atoms of atomic weight 36*46, but consists 
of four isotopes with atomic weights 35*00, 
36-00, 37-00, and 38-00 respectively. Several 
other elements have been examined, the 
conclusion arrived at being that all the atomic 
weights, except that of hydrogen, are exact 
integers, and that the fractional values found 
for some of the elements are due to a mixture 
of two or more isotopes. 

§ (24) The End Product. — ^The ultimate 
products of all the disintegration series in all 
branches end in the same place in the periodic 
table, namely, the place occupied by lead. 
The atomic weight of ordinary lead is 207-2. 
According to theory, lead produced from 
uranium should have an atomic weight 206, 
and that from thorium an atomic weight 
208. Hence lead prepared from uranium 
minerals should have a lower atomic weight 
than that prepared from thorium minerals. 
Experiment ® has shown this to be the case ; 
the atomic weight of radio-lead from uranium 
minerals has been found to be 206-06, and 
that of radio-lead from thorium 207-9. Prob- 
ably ordinary lead is a mixture of these two 
isotopes. It has also been found by experi- 
ment that the densities of the different Idnds 
of load are different just in proportion to the 
differences in their atomic weight, hence their 
atomic volumes must be the same, which is 
to be expected if isotopic atoms have identical 
shells of electrons but nuclei of different 
masses. 
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Radio-elements, Chemical Character of. 
See “ Radioactivity,” § (21). 

Radio -ELEMENTS, Position of, in the 
Periodic Table. See “ Radioactivity,” 
§( 22 ). 

Radiography: X-ray photography. See 
“Radiology,” § (29), 

RADIOLOGY 
I. Introductory 

§ (1) The Nature of X-rays. — The study of 
the X-rays® now occupies such a prominent 
position in physics and medicine, and has led 
to such momentous results in a variety of 
directions, that it is difficult to realise that it is^ 
only 26 years ago that the rays were discovered 
by Professor Rontgen, and that it was only just 
prior to the -war that a long controversy as to 
their nature was stilled. 

The problem had attracted many minds, for 
the ability of the rays to pass through opaque 
bodies was wholly unprecedented. The ex- 
planation of the anomaly was obviously bound 
up with the nature of the rays, but, despite 
shrewd guesses, the secret was withheld from 
us for nearly 20 years. 

We now know that the X-rays are another 
manifestation of radiant energy, of which light 
and heat are familiar examples. Indeed, the 
X-rays resemble light rays in almost every 
particular, the chief difference being that the 
X-rays have wave-lengths about 6000 times 
shorter. It was this very minuteness of wave- 
length — a distance of the same order as the 
sizes of atoms — that defeated all our earlier 
attempts to direct and sort out the rays. All 
our highest quality polished surfaces are 
inconceivably rough for such a purpose, and 
it was not until Nature herself was found to 
have provided an instrument of the requisite 
delicacy — in the shape of crystals which can 
function as diffraction gratings — that we 
began to analyse and sort out X-ray beams 
with much the same ease as in the case of 
visible light. 

There are further parallolisms between X- 
rays and light rays. For example, wo know 
that the spectrum of a hot body consists under 
suitable conditions of white light (which is a 
mixture of all wave-lengths), superposed on 
which are certain spectrum lines whose wave- 
lengths are characteristic of the radiating 
material, e,g. the D lines of sodium, the H and 
K lines of calcium. In just the same way an 
element when caused to omit X-rays not only 
gives out general radiation (which is a con- 
tinuous spectrum of wave-lengths) but under 
suitable conditions impresses its own charac- 
teristic lines — K, L, M — on the general 

• See also “X-Rays,” Vol II. 
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radiation. It should be added, however, that 
the X-ray spectrum of an element is much 
simpler than its light spectrum. 

Just about a single octave of light waves are 
visible to the eye. Their spectroscopic exam- 
ination has been conducted mainly with the 
diffraction grating, the distance between the 
rulings of which is comparable with the wave- 
lengths to be measured. With the help of 
special gratings and vacuum spectrometers, 
Schumann, Lyman and Millikan have extended 
the measurements some 4 octaves onwards into 
the ultra-violet. Then comes a gap of 4 octaves 
of rays in a region not yet explored, and finally 
some 7 or 8 octaves of X- and gamma-rays, of 
which the radiologist uses about 3 octaves 
{fig. 1). 

It is interesting to note that the gap between 
X-rays and ultra-violet rays has in a sense been 
already bridged, for Millikan has recently 
found the characteristio X-ray lines of carbon 
in the extreme ultra-violet region. 


wave is very high and we get a high-frequency 
or hard ” X-ray. If the change of speed is 
less, the frequency is less and we get a softer ” 
or less penetrating ray. With much slower 
electrons, light rays may bo similarly produced. 
Always, however, we find that the frequency of 
the wave is proportional ^ to the energy change 
of the electron. There will be a proportion of 
encounters where the whole of the energy is 
transferred, and in those cases the frequency 
will reach an upper limit. Below this limit we 
find every variety of energy-content depend- 
ing on the energy of the electron involved. 

The reverse effect is equally true. If X-rays 
(or light rays) strike a substance they may 
give up all their energy to moving electrons, 
or they may give up only a part, the rest 
being transferred to a series of groups of rays, 
all characteristio of the atom of the material. 
The energy balance-sheet can he fully set out, 
the several items all being definite and spocifio. 
The relation is not quite so simple as the 
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The study of this missing group of octavos 
bristles with interest and difficulties. It would 
seem as if a big absorption band were included ; 
at either end of the gap the vacuum spootro- 
moter is necessary. Moreover, it almost looks 
as if the grating method would fail us over this 
region. The wave-lengths are too small for 
our artificial gratings and too big for crystal 
gratings. We may have to wait for a new 
weapon of attack. 

Following is a short table of some of the 
wave-lengths, in Angstrom units, i.e. 10-® cm. : 


Visible light 
Ultra-violet light 
X-rays 
7 -rays 


. 7200-4000 
. 4000-200 
. 12 to 0-90 

. 1-4 to 0-01 


§ (2) X-RAYS AND Electrons. — Experiment 
has shown the most intimate relationship 
between the X-ray and the electron — either is 
the manifestation of the other. The electron, 
the unit of negative electricity, is the active 
manifestation of. the X-ray — innoouaua in 
itself. Whenever an electron has its speed 
suddenly altered, an electromagnetic wave is 
produced. If the alteration of speed of the 
electron is very great the frequency of the 
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general case, but the exchange and partition 
of energy are equally precise. 

The reversible i)roooBS wo have just described 
is of universal application in Nature. There 
is, for example, little doubt that the X-rays 
play a prominent part in atmospheric elec- 
tricity, The earth is not an electrically neutral 
body, but its surface may bo considered to bo 
ooverod with a layer of negative electricity, and 
this gives rise to an oloctrioal field in the atmo- 
sphere. The rate of alteration of potential is 
found to decrease with the altitude; the 
potential gradient being about 160 volts per 
metre on the ground and only about 2 volts per 
metro at a height of 9 kilometres — as we know 
by balloon tests. In other words, the atmo- 
spheric conductivity steadily increases the 
higher we go, and the rapidity of the increase 
suggests very largo values at greater heights. 

Some of this oonduotivity, we know, is due 
to radio-active emanations from the soil, but 
wo are led to infer from the inoreaso of con- 
ductivity with height that the majority is 
duo to some agent external to our globe. 
Modem opinion favours the view that the 
effect is produced by very high-speed electrons 
^ Soo “ Quantum Theory,*’ § (3). 

2 Q 
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ejected from the sim mth very nearly the 
speed of light itself. Some of these strike the 
atoms of the outer atmosphere, veiy penetrat- 
ing X-rays are generated, and thus the whole 
depth of the atmosphere may be permeated 
by these electrons through the intermediary 
of their more penetrating alias the X-rays. 
Thus the earth’s negative charge which is 
being continually dissipated by the action of 
the potential gradient in the atmosphere is as 
steadily replenished by a current of electrons 
passing downwards. It may be added that 
the conductivity of the air diminishes at night 
and during a solar eclipse. 

One is tempted also to believe that in view 
of the temperature and gigantic electrical 
disturbanoes in the sun — as Hale’s work has 
shown and Eddington’s speculations would 
indicate — ^there may be an emission of X-rays 
from the sun itself. 

One other source of X-rays in Nature may 
be referred to — ^the y radiation of the radio- 
active elements. It will suffice to say that 
while some of the 7 -rays can be exactly 
imitated, others are much more penetrating 
than any X-ray we have been able to generate 
artificially. 

Although the electron is ubiquitous, it 
escaped detection until Crookes conducted his 
famous experiments in discharge tubes at low 
pressures, and so reduced the number of 
molecules present that instead of the electron 
being absorbed and suppressed within a mm. 
or so, as it would be at atmospheric pressure, 
it could now travel great distances without 
encountering more than say, 100 or so atoms, 
the majority of which it passed clean through 
without being deviated in any way. The 
high speed it received from the potential in 
the discharge tube gave it, so to speak, an 
innings. 

We have anticipated matters somewhat, but 
it will now be convenient to review the main 
features of a discharge tube and their historical 
development. 

§ (3) The Phenomena of a Discharge 
Tube. — When a high-potential discharge^ is 
passed between two electrodes within a glass 
tube, the gas pressure in which is gradually 
reduced, the tube displays a succession of 
appearances which vary with the pressure. 
At atmospheric pressure the discharge takes 
the form of a spark which, as the pressure is 
lowered, loses its noisy character and is 
replaced by a bundle of irregular streamers, 
which, after a time, broaden out and fill the 
bulk of the tube with a pink glow, known as 
the positive column. 

At a pressure of a few millimetres of mercury 
the cathode (the electrode by which the current 
leaves the tube) slowly becomes covered with 

^ See also Electrons and the Discharge Tube,” 


a luminous glow — ^the negative glow — while 
between the positive column and negative 
glow comes a darker region, diffuse in ouUinc’t, 
called the Faraday dark-si)ace. All this time 
the rarefied air is increasing in oonductivity, 
as evidenced by the shortening of the alt<‘rna- 
tive spark gap. 

As the exhaustion proceeds the ])osif,iv(‘ 
column may break up into thin fluctuating 
striations, which presently widen and diininisli 
in number. The negative glow ])ro<^e(‘<ls to 
detach itself from the cathode, while a new 
film forms and siJroads over the surfaces of the 
cathode. The two parts of the negative glow 
are separated by a dark region called the 
Crookes or cathode dark-space, the outline of 
which is sharply defined and runs paralh'l with 
that of the cathode. As the pressure is 
reduced the dark-spaco increases in Mi 7 .<s its 
thickness often being used as a rough rnetiHure 
of the pressure. 

At still higher rarefactions both positive 
and negative glows become darker and nioni 
indefinite, and the cathode dark-space grows 
until finally its boundaries touch the glass 
walls of the tube, which then begin to fluorc'stu*. 

Meanwhile the conductivity of the rart>fie(I 
gas has been steadily lessoning until, finally, 
it is possible to get the exhaustion so oomplotci 
that no discharge can pass. 

§ (4) Cathode Rays. — The study of the 
fluorescence of the glass wall was initiat('d by 
Pluokor in 1859. Ho was followed in fh(' 
’seventies by Hittorf and (h)ldHt(‘in in (hu'inany, 
Puluj in Austria, and Crookes in Englniul. it 
was soon ascertained that the fluor('H<'(HU‘(^ wiw 
produced by some form of radiation (called 
Kathodonstrahloii by (loldstcdn) which wd-s 
off from tho cathode and ti'avels in straight, 
lines. For nearly thirty yc'ars tho English 
and German schools of physics disagreed as t(> 
the nature of the cathode rays, but Sir »1. d. 
Thomson in 1897-98, in a serit's of elassit'a! 
experiments, was able to show that- th(^ t'athiKlo 
rays were bodies of sub-atoinie si'/.t*, nu)ving 
with prodigious velocities, v(‘loeit-ie» which are 
oomparablo with tho R|)ee<l of light, dohn- 
stone Stoney had previously Rugg<‘Hte<l thi' 
name electron for the unit of (’U‘ctricity, an<l 
the suitability of tho expression for the eatluxli* 
rays was at once recognised, 'riionmon Hht»wt*d 
that each cathode ray had a nuuw about 
1/1800 of that of tho hydrogen atom aiul 
carried a negative elee.trical (diarge, 
in amount with that carried by liydrogen 
ion in liquid electrolysis. 

The bulk of tho great energy of the <*nf luule 
rays is dissipated as heat when rays strike 
an obstacle. If the rays are eoiictmf rated by 
using a concave cathode or other foeussing 
device, enormous heat can generat.<‘d with 
heavy discharges. (‘athode-ray furria<‘(*H, 
working on this x)rin(‘iple, have been <»on- 
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structed, in which any known motal can he 
melted or vaporised. 

By reason of their electric charge cathode 
rays are readily bent under the action of 
electric or magnetic force, and this property 
of the rays has found practical application in 
Braun tubes and other forms of oscillograph. 
The cathode rays, having no inertia, arc able 
to follow the most rapid vagaries of an electric 
or magnetic hold. 

§ (5) Positive Rays.— In 188C, Goldstein, 
using a perforated cathode, noticed that a 
stream of rays emerged from the tube in a 
direction opposite to that of the cathode rays. 
Wien later observed that those “ Kanal- 
strahlon ” carried a positive charge.^ The 
deflection in electric and magnetic' fields 
showed that the positive rays^ (as they were 
called later by Sir J. J. Thomson) were molec- 
ular in size. J. J. Thomson and Aston have 
done extended work on the subject and 
derived highly important results. Positive 
rays play an important part in gas X-ray 
tubes, as wo shall sec presently. 

§ (6) Discovery or X-rays — Rontqen 
Rays. — It was in the autumn of 1895 that Pro- 
fessor W. K. Rdntgen at Wurzburg, Bavaria, 
discovered the rays which now boar his name. 
During the course of a research on invisible 
light rays, he had enclosed a discharge tube 
within a screen of stout black paper. On 
passing the discharge ho noticed that a 
fluorescent screen, lying on a table some 
distance away, shone out brightly. By inter- 
posing obstacles Rontgon traced back the 
unknown or “ X ” rays to their source, 
which proved to bo the region of impact of 
the cathode rays on the walls of the tube. 
The feature of the now rays was their' uncanny 
ability to penetrate many substances quite 
oi)aquo to light. The degree of penetration 
was found to depend roughly on the density. 
For example, flesh is more transparent than 
bone, and accordingly the bones stand out 
dark in the shadow caused on a fluorescent 
screen. Rdntgen saw at once the immense im- 
portance of his discovery to surgery, and com- 
municated his results to the Physico-Medioal 
Society of Wurzburg in November 1895. 

The main features of the rays were soon 
disoovered by an army of workers. It was 
found, for example, that X-rays travel in 
straight lines, cannot apparently bo refracted 
or reflected, do not carry an electric charge, 
and possess the property of ionising or impart- 
ing temporary electric conductivity to a gas. 

§ (7) Detecting the Rays. — Although X- 
rays are not in the visible spectrum they can 
be detected photographically or by their 
power of exciting fluorescence in screens made 
of salts such as barium platino- cyanide, or 
calcium tungstate. Another method makes 
1 See » Positive Rays,*’ Vol. H. 


use of the ionising ability of the rays and 
measures the conductivity so produced in a 
gas. Certain chemical reactions are also 
induced by the rays and can be made to 
servo as the basis of various methods of 
detection and measurement. 

X-rays can i)enotrato all substances to a 
greater or less degree, and in general the 
shorter the wave-length the higher is the 
penetrating power. The penetrability of a 
material by a given beam of rays is governed 
by tho number and mass of the atoms it 
encounters, that is, by the atomic weight and 
thickness. Chemical combination or tem- 
perature is without effect on tho absorbing 
power of an atom. We have already men- 
tioned that tho rays travel in straight lines, 
and thus it will bo seen that an X-ray photo- 
graph or radiograph is essentially nothing but 
a shadowgraph. Radiography was the first 
and still remains the most important applica- 
tion of the rays, and in the hands of the medical 
man has found enormous application. The 
late war brought this home in unexampled 
fashion, and tho services which radiology then 
rendered can soarcoly ho overestimated. 

Tho subject is referred to later, hut mention 
may hero bo made of tho necessity of protecting 
tho X-ray operator from the rays. As many 
of tho early workers discovered to their cost, 
indisoriminate exposure results in dermatitis, 
which may bo followed by dangerous cancerous 
growths. With hard rays derangements of the 
internal organs and impoverishment of the 
blood corpuscles may result. Nowadays every 
precaution is taken and such casualties rarely 
occur. Heavy lead screening in some form 
limits tho beam of rays and protects the 
worker. 

II. X-RAY Tubes 

§ (8) Early Forms. — Tho vacuum tube 
with which Rdntgon made his discovery had 
a flat cathode, tho cathode rays impinging 
on tho glass walls. Exporionoo soon showed 
tho way to improvomonts. CampboU-Swinton 
inserted a platinum target obliquely in the 
path of the rays, and later Sir Herbert (then 
Professor) Jackson replaced the flat cathode by 
a concave one, so that the cathode rays wore 
brought to a focus on the target. Tho result 
was that exposures were enormously shortened 
and, owing to tho small area of emission of 
tho X-rays, tho resulting photographs wore 
improved out of all recognition in definition 
and detail. 

Tho present-day method is essentially un- 
altered. Tho electrons (cathode ra 3 ^) are given 
enormous speeds (of tho order of 50 to 100 
thousand miles a second) by moans of high 
voltages, and are directed on a heavy metal 
antioathodo or target. As a producer of 
1 X-rays the arrangement is still extremely 
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inef&cieat, although, we take steps to increase 
the chances of an effective collision by choosing 
a target of high atomic weight or number. 

As already mentioned, almost all the energy 
of the electrons is degraded into heat, and for 
this reason it is essential that the target shall 
be of a very refractory motal. Tungsten (with 
a melting-point of over 3000° C.) is nowadays 
almost always employed for a target, though 
platinum and other metals find application for 
certain purposes. 

The X-rays radiate uniformly in all directions 
from the focus, travelling in straight lines just 
as light rays radiate from a lamp. The X-ray 
bulb is comparable to an X-ray lamp, in which 
the voltage applied to the bulb corresponds to 
the temperature of a luminous lamp. If we 
raise the temperature of the latter wo increase 
the intensity and at the same time shorten 
the average wave-length ; so with the X-ray 
bulb, if we raise the voltage we increase the 
intensity and shorten the average wave-length. 
In practice the voltages employed range up 
to 200,000 or even more. The quantity of 
radiation is dependent on the current through 
the tube, and a milliampere is a convenient 
measuring unit for the purpose. 

There are two main types of X-ray bulbs 
in use (a) the hot cathode tube, (6) the gas 
tube. The Coolidge tube, invented by Dr. 
Coolidge in America, is the chief representative 
of the first class, in which the electrons ^are 
produced from a cathode consisting of a spiral 
of tungsten wire, raised to a white heat by an 
electric current. The vacuum in the tube is 
very high, and no discharge can pass if the 
cathode is not heated. The Coolidge tube has 
the valuable property of precise and repro- 
ducible control with a groat range, advantages 
which cannot be claimed for the gas tube. In 
the gas tube very complete exhaustion is not 
attempted ; a trace of residual gas is deliber- 
ately left in the tube, and this serves as a 
constant source of electrons through shock 
ionisation. 

If we compare the characteristic curves of 
these two types of X-ray lamps by plotting 
current against voltage, we fold differences 
which are fundamental (JFig. 2). Under the 
conditions in which a gas tube operates the 
current increases steadfily with the voltage, 
while in the case of the Coolidge tube the 
current is independent of the voltage. In the 
latter case the current is limited only by the 
number of electrons emitted, which number 
increases or decreases with the temperature 
of the cathode filament. Thus we can alter 
either voltage or current independently of 
each other, and this fact gives the hot cathode 
tube a great advantage over the gas tube, in 
which independent control of voltage and 
current is impossible. 

The hot cathode tube thus utilises its 


“ saturation current, and for that reason is 
much less affected by changes in the wave 
form of the exciting potential than is a gas 



tube. On the other hand, the absonco of 
saturation in a gas tube loads to a more 
effective use of very high voltages, and it is 
found that, at any rate, at low gas pressures a 
gas tube gives about twice tho X-ray output 
of a Coolidge tube for the same milliamperago 
and voltage (Fig. 3, Dauvillior). But the gas 
tube is far from being the equal of the Coolidge 
tube as regards control and reliability, though 
experience counts for a good deal. 

It may be added that both types of tube 




Fig. 3. 

give heterogeneous X-rays, and there is little 
to choose between them in this respect. 

§ (9) The Electrodes op an X-ray Tube. 
— The cathode of the prosont-day X-ray gus 
tube is made of aluminium of robust (I'osign, 
It is mounted facing the anticathodo or target, 
the •distance betwocn the two being a matter 
of nicety for the maker, who has to ho guided 
largely by his experience and knowledge of tho 
work for which the tube is intended. Tho 
lower the pressure or tho “ harder ” tho tube, 
the farther the focus of tho cathode rays 
recedes from the cathode and tho smaller tlio 
focal spot. 

The material and size of the cathode are 
both important. Aluminium possesses advan- 
tages because it displays but little “ sputtering * 
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or blackening, a fouturo which is ct)mmon to 
almost all niotals when functioning as a 
negative electrode in a vacuum. Aluminium 
shows the effect but slightly, but with very 
heavy discharges the central portion of the 
cathode may bo melted, the molten globules 
so formed being projected right across the 
tube in some cases. No particular harm is 
usually done, except that the curvature of 
the cathode may bo changed and tho 
focal spot of tho cathode rays moved in 
consequence. 

Tho choice of metal for cathode is also 
important from tho })oint of view of tho 
occluded gas. There is little doubt that in 
the case of a gas tube tho gases contained 
within tho metal of tho cathode play an 
important part. Tliis is probably tho explana- 
tion why some experimenters have found it 
useful to koej) tho cathode cool by some 
device. 

Tho cathode of a Coolidgo tube is described 
later. 

§ (10) The Antioatiiode. — Tho primary 
essentials in an anticathodo, whether for gas 
or hot-oathodo tube, are : 

1. A high atomic number to secure a large 
output of X-rays. 

2. A high molting -j>oint and a high thermal 
capacity to prevent tho target fusing under a 
heavy discharge. 

3. A high thermal conductivity to assist in 
dissii^ating tho waste heat. 

4. A low vapour pressure to avoid distillation 
and condensation of tho motal on tho walls of 
tho tube. 

In the light of tho above requirements, 
tungsten stands almost alone as a material 
for anticathodcs. Platinum was at one time 
almost exclusively employed, but tungsten 
has a much higher melting-point (3200° C. as 
against 1755° (J.), has twice tho tliormal con- 
ductivity, and but a slightly inferior radiation 
value. 

Tho very large heating offoots experienced 
by tho anticathodo of a modem X-ray bulb 
have provided scope for much ingenuity in 
getting rid of tho surplus heat. Tho anti- 
cathode .is in many tubes kept cool by moans 
of a water reservoir or a stream of air. In 
other oases the massiveness of tho anticathodo 
is increased by surrounding the tungsten 
target with copper, tho sxipport of which 
extends to tho outside of tho tube and is 
there provided with radiating fins, incidentally 
necessitating some very fine glass manipulation. 

§ (11) The Anode. — The modern X-ray gas 
bulb is almost always provided with an 
additional anode of aluminium, which is 
connooted externally with the anticathodo. 
The precise benefits of the separate anode are 
distinctly doubtful, and in tubes of the 
Coolidge typo it finds no place. 


§ (12) The Gas Tube. — The gas tube depends 
for its action on tho presence of a few i{)us in 
the residual gas in the tube. Those ions or 
electrified atoms have their velocities incroasod 
by tho electric field, positive ions being drawn 
to the cathode and negative to the anode. The 
X)ositivo ions bombarding the cathode release 
electrons in abundance which, being attracted 
to the anode, ionise freely by shook or collision 
those atoms encountered eri route, generating 
more positive ions and more electrons. The 
electrons which hit tho target generate X-rays 
and tho cycle of operations continues so long 
as tho voltage is applied. 

The positive ions or positive atoms iJhus 
play a fundamental and essential part in the 
ionics of a gas tube. They are also responsible 
for ono or two other elloots, the elucidation 
of which has been very puzzling. Ono of the 
groat difficulties in exact work with tho gas 
tube is the continual tendonoy of tho gas 
pressure to change. Ono would first look, to 
tho electrodes which, depending on the condi- 
tions, may either omit or absorb gas and do 
so control very materially bho well-known 
“ crankiness *’ of a gas tube. But it is found 
that, provided tho current is not too heavy 
to overheat the electrodes, there is a continual 
and apparently unlimited disappearance of 
gas, more especially at high voltages, and 
ultimately the vacuum becomes so high as to 
reqdor tho tube unusable. To out a long story 
short wo now know that some of tho positively 
charged atoms of gas by reason of their high 
velocity (about 500 miles a second) actually 
crash into tho glass walls of the tube and are 
mechanically trapped there, an effect which is 
enhanced by the presence of volatilised metal. 

Many devices have boon introduced from 
time to time to overcome this hardening effect. 
In some oases, when tho tube becomes too 
hard, tho discharge is caused to pass through 
a small annexe containing absorbent material, 
such as asbestos, which liberates enough gas 
to soften tho tube. Another method commonly 
employed is to roly on tho diffusion of gas 
through a small platinum tube, which can be 
boated by a small fiamo. 

If a gas tube is overloaded tho result is 
somotimos to harden tho tube, sometimes to 
soften it, depending largely on the behaviour 
of the cathode. Further, if tho discharge is 
sufficient to make tho target rod-hot, it may 
then give off so much gas as to necessitate 
ro-oxhaustion of tho bulb. 

A very commonly mot source of failure of 
gas tubes is duo to cracking of tho glass, 
almost always in tho region round tho cathode. 
In many cases this is preceded by a roughening 
of tho glass at this point. Those effects are 
produced by positive rays striking tho glass 
walls. Tho positive rays are probably also 
responsible for the molting of tho aluminium 
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cathode under veiy heavy discharges. There 
is httle doubt that the positive ions produce 
the luminous blue glow which often accom- 
panies high-voltage discharges, and also the 
positive electrification which is present on 
the glass walls of the bulb of a gas X-ray tube. 
Positive ion effects are always found to persist 
so long as the electrodes are giving ofi gas. 

A common defect with gas tubes is the 
wandering of the focal spot. Such movement 
is, of course, prejudicial to good definition in 
radiography. Further, it is not unusual, after 
the tube has been subjected to a heavy dis- 
charge, to find that the focus has permanently 
changed its position. 

Another characteristic of a gas tube is that 
the breakdown voltage is a good deal higher 
than the running voltage. This is due to the 
fact that in the gas tube the number of ions 
initially present is very small. When the 
circuit is closed the number of ions produced 
by collision increases enormously, and the 
voltage across the terminals of the tube falls 
in conseq^uenoe. 

The gas tube received a good deal of atten- 
tion in Germany during the war. In the so- 
called “ boiling tube ” of Muller, the gas tube 
is employed to generate very penetrating X- 
rays primarily for use in deep therapy. The 
gas pressure is not only low, but tending to get 
lower. To prevent emission of gas from the 
(platinum) antioathode, it is kept at a con- 
stant temperature by boiling water, and water- 
cooling is also adopted for the cathode. The 
focus is very broad. The tube is operated at 
close on 200,000 volts and with small currents, 

2 to 3 nulliamperes, a condition which assists 
the hardening tendency. Puffs of gas are 
introduced by an osmosis tube heated by a 
small flame ignited and operated through a 
relay by an automatic regulator which is con- 
trolled by a miUiammeter in series with the 
tube. In action the water quietly boils, and 
the tube may be run for hours at a time at a 
constant milliamperage. It is claimed that 
there is a greater proportion of homogeneous 
end radiation when the X-rays are filtered 
than there is from a Coolidge tube working 
under the same conditions. 

Whether that is so or not, it must not be 
forgotten that an increase of potential always 
tends to render a beam of X-rays more homo- 
geneous. Further, the spark-gap readings on 
a gas tube tend to indicate voltages higher 
than those which are actually operating the 
tube. 

§ (13) The CooLroas Tube. — Consideration 
of the properties of a gas X-ray tube indicates 
that most of the limitations are incidental to 
the presence of positive rays. Dr. W. D. 
Coolidge ^ of the Research Laboratory of the 
General Electric Company, Schenectady, New 
^ Fhys, Hev., 1913, ii. 409. 


York, saw that most of those disabilitios would 
disappear if the vacuum in the tube w^ero high 
enough, so that the positive ions did not play 
an essential role. This nocosHitatod generat- 
ing cathode rays by sonic other means, and 
Coolidge turned to tho work of Richardson,^ 
who had made quantitative incaHurcinent of 
the electrons produced by heating a negatively 
charged metal. There was consulcrablc diver- 
gence of opinion at tho time as to tho niocdian- 
ism of the offoot, and certain W'orkors had 
suggested that in tho absonct^ of gas such 
thermionic discharges would cciisc altogether. 
Langmuir ® in some oxporiinoiits on tho 
thermionic currents in tho case of tungsten, 
showed that tho effect was a real one, and that 
instead of dying away tho curremts actually 
increased, up to a certain limiting value, as 
the tube became freer and freer from gas. In 
brief, Langmuir showed that a hot tungsten 
cathode, in a vacuum as liigh as it is humanly 
possible to make it, emits clccjtrons con- 
tinuously at a rate determined only by tho 
temperature. 

Dr. Coolidge was thus led to evolve tho 
Coolidge X-ray tube, tho main features of 
which are as follows ; 

The oathodo consists of a small fiat tungsten 
spiral which can bo electrically heated by an 
independent circuit. Surrounding the spiral 
is a tube or bowl of molybdenum, which server 
to focus tho cathode ray Mtroani upon the 
target. Tho tomporaturo of tho filament 
varies from about 1600** to 2300® 0. The 
bowl is oonnootod oloctrically to tho cathode, 
and the antioathodo or target fum^tions also 
as anode. In tho earlier or “ universal ** tyj)o 
of tube the target ctmHists of a block of tung- 
sten with a molybdenum stcun. This design 
has been modified in lak^r ty])os. 

Unusual precautions are taken to remdor tho 
exhaustion of tho bulb tis coinplct<» as possibK 
Langmuir pumps with liquiti air trai)s are uhckI, 
and the whole tube, while conn(*(‘t(Hl to tho 
pump, is heated in an olectri(» oviui to just 
short of the softening point of glass (about 
470° C.). Periodically tho tube is optTaied 
with heavy discharge ourronts, bo t.hat the 
tungsten target is raised to a white h<*at. The 
test of adequate exhaustion is tho (»<)ini)lete 
absence of a luminous diflc^harge and phos- 
phorescenco of tho glasB walls. It is founrl 
that the time of exhaustion can be (Minsider- 
ably shortened by previously heating the 
electrodes to a high temperature in a vacuum 
furnace.^ Metal thus treated may be left about 
in the air for some days and only absorb but 
a small fraction of tho gas originally contaim^d 
in it. 


The groat merit of the Coolidge tube is its 
capacity to reproduce completely any spc^cified 


rroc,, ixxl. 415. 
* Phys. to., 1913, Ii. 460. 
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sot of conditions. Tho output (or quantity) of 
X-rays depends only on tlio temperature of 
the filament. Tho penetrating power (which 
depends upon tho wave-length) is controlled 
only by the voltage across the terminals of tho 
tube. Furthermore, the tube allows current 
to pass in only one direction, so long as tho 
conditions are such that tho target is not raised 
in temperature to more than a dull red heat. 
The tube is, in fact, capable of rectifying its 
own current, when supplied from an alternat- 
ing source. The latest form of radiator tubes 
permits the passage of a steady current of as 
much as 30 milliamperos. Care should bo 
taken that the tube is not ovei'loaded, as 
otherwise, if the target attains a white heat, 
a considerable amount of inverse current will 
be allowed to pass, with detrimental and ulti- 
mately disiistrous effects on the bulb. 

Another feature of the Ccjolidge tube is that 
the starting and running voltages are tho same. 
As tho positive ions play no appreciable part, 
there is little or no consequential heating of 
the cathode, and no evidence of appreciable 
cathodic sputtering. The Coolidge tube in 
operation shows none of tho fluorescence of tho 
glass displayed by gas bulbs, a result due to 
the fact that tho walls of the tube become 
negatively charged, and so, unlike an ordinary 
gas bulb, repel tho “ reflected ” cathode rays 
from the target. 

In the prolonged use of a Coolidge tube a 
small ainount of gas is usually liberated, as is 
indicated by a small drop of the milliamperos 
through the tube, which can be corrected by 
raising the filament temperature ; such gas is 
promptly re-absorbed when tho discharge is 
stopped. 

Coolidge, by tho use of the pin-hole camera, 
has shown that, in addition to the main body 
of X-rays from tho focus, there is a very con- 
siderable emission of extraneous X-rays from 
the entire surface of the anticathodo, which 
must therefore be bombarded by cathode 
rays from some source or other. We must 
look to the “ reflected ” rays for an explana- 
tion. These rays, which leave the focus with 
a velocity almost as high as that with which 
they approached it, are repelled by the cathode 
and the glass bulb, both negatively charged, 
and are compelled to return and collide once 
more with the anticathode. Doubtless in 
many instances this procedure occurs again 
and again. X-rays being produced at every 
collision. The pin-hole camera shows that, 
except in the region of the focus, the intensity 
of the X-rays is much the same, both back and 
front of the antioathode. Measurements show 
that the rays, whether from hack or front, 
differ but little in penetration, Coolidge has 
devised a variety of apparatus for reducing 
the magnitude of the stray radiation, but in 
the end came to the view that the extent of 


tho defect did not justify tho loss of simplicity 
involved in providing a loniody. Tho use of a 
lead diaphragm as small as possible and as 
near the tube as possible is the best cure. 

Coolidge has also developed various modifica- 
tions of tho original design of tube. In the 
radiator type of tube, referred to above, the 
anticathode is made up of a solid bar of copper, 
which is brought out through tho glass to a 
copper radiator (Fig, 4). The head of the 



Fio, 4.— lladiator Type of Coolidge Tube. 

anticathode consists of a mass of specially 
purified copper, which is first oast in a vacuum 
around a tungsten button, and is then electric- 
ally welded to tho stem. In this type of tube 
the groat bulk of the heat generated is con- 
ducted away by the radiator, and, as a result, 
it has become possible to make the glass bulb 
very small, a little under 4 in. in diameter. It 
may bo added that tho type of anticathode just 
described greatly increases tho difficulty of 
exhaustion. In a still more recent model the 
glass walls have been made very thick, about 
a quarter of an inch. One effect of this is, for 
some curious reason, greatly to increase the 
steadiness of the discharge, head glass is used 
with a thin transparent window, and the tube 
thus affords protection for the operator. It 
has boon found possible to manufacture a 
workable lead glass whioh affords as much 
protection as one-quarter the same thickness 
of sheet load. 

In some experimental models Coolidge has 
worked with antioathodos cooled by currents 
of water. Such tubes permit enormous X-ray 
outputs. One tube ran continuously for 68 
hours at 100 milliamperes and 70,000 volts. 
Other tubes have been run continuously for 
many hours at 200 milliamperos, the power 
input being of the order of 14 kilowatts. 
Doubtless tlxis figure will be increased as time 
goes on. 

Tho G.E.C. of America has adopted the 
methods of mass production to the various 
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forms of Ooolidg© tube, and is now turning out 
over 100 tubes a day. The bulbs and glass 
parts are blovn in moulds at the glass factory, 
and the operation of assembly is carried out 
by girls with the aid of glass-blovdng machines. 

There is one feature of the Coolidge tube to 


with metal bulbs in an atbomiJt to get rid of 
some of the energy limitations iini) 080 (l by 
gloss. Sir Oliver Lodge designed such a bulb 
in 1897, and since then Coolidge (i'Vr/. (i), 
Siegbahn, and others have made use of them, 
and it is not unlikely that future commercial 


which reference may 
be made. As already 
remarked, in conse- 
q[uence of the low 
pressure, “ shoot ” 
ionisation of the re- 
sidual gas is negligible 



or practically so, and 


I’lG. 6. 


the work of oarr 5 nng 

the current is left solely to the electrons. Thus 
the space between the electrodes is filled with 
carriers of one sign, with the resnlt that at high 
current densities there is an appreciable ob- 
structing efiect due to electrostatic repulsion 
between the electrons crossing over and those 
following. This “ space-charge ” sets an upper 
limit to the current through a Coolidge tube at 
high filament temperatures. Thus the current 
through a Coolidge tube may be set an upper 
limit either by the filament temperature or by 
the space-charge. The restricting effect of the 
space-charge can be lessened by raising the 
voltage or by introducing positive ions in some 


Coldmtw 
Out/att l/tt/et 



Fig. 5 . 


fashion, e.g. by a trace of 
gas. In the case of very 
heavy momentary dis- 
charges tungsten vapour is 
produced at the foo^ spot, 
and this also serves greatly 
to diminish the tube re- 
sistance. 

§ (14) Lilibiifild Tfbb. 
— The lilienfeld tube, 
introduced in 1913, and 
since extensively modified, 
may be said to act as a 
combination of hot cathode 
tube and gas tube, and, 
incidentally, is claimed to 
possess the advantages of 
both. In an annexe to 
the main discharge tube a 
bot cathode is separately 
excited by a' moderate 


potential. The electrons 
pass through^ a hole in the main cathode and 
are there subjected to a much higher potential 
difference before they strike the antioathode 
(Fig. 5), Lilienfeld lays stress on the import- 
ance of using a coU discharge (as distinct from 
a transformer discharge) in that it yields higher 
momentary current densities. At high voltages 
(above 120 kv. and up to 170 kv.) the rays after 
filtering through 3 mm. of alxiininium are 
stated to he homogeneous. 

§ (16) Metal X-ray Tubes.— Trom time 
to time various experimenters have worked 


developments will bo on such linos. Milkia 
bulbs have also been used by Coolidge and 
other workers. 

HI. The Hiail-POTEJNTIAL OBN"ICRA.TOn 

•The voltages wliich obtain in j)ractico for 
exciting X-ray bulhs are, roughly sj)tMiking, of 
the order of up to 100,000 volts for radio- 
graphy and superficial thorapy, and up to 
200,000 volts or more for deep therapy and 
motal -radiography. 

§ (16) Transformers ani> Induction C Jo ii-s. 
— The high - potential generator is almost 
always a step-up transformer.^ Loss coin- 
morily, especially in this country, influonoo or 
static machines are employed, though they 
would have many advantages if they could l>e 
sufficiently improved to ■withstand atmosphorio 
humidity. 

It is customary in ra(lif>logy to speak of 
“ induction coils and “ transformers,” though 
both are varieties of step-up, static, liigh- 
■tension transformers. Ey an in(^ut^ti<^n coil is 
meant an open-cored transformer wlii(jh dt*- 
pends for its action on the interim i)ti(>n« of the 
primary current by an indo])ondent break or 
interrupter. By a transfoniu^r is inijdied a 
closed-core transformer fed with alternating 
current (almost always single phase) cut her 
straight from the main or (in tho cjrhc of a 
L.C. supply) from tho alternating sidc^ of a 
rotary converter. Such a transformc^r may 
he either oil-immersod or have “ dry ” insula- 
tion. 

The coil ordinarily yields a j)eaky ■” 
potential wave as eomparod •wdth the apj>r()xi- 
mately sinusoidal wave form of thci traiiB- 
former. either type some sort of valve 

or mechanical rectifier is employed cither to 
cut out or invert the half of tho high-poUmtial 
■wave which would tend to pass in tho wrong 
direction through tho X-ray bulb. In the 
case of a coil and rotary iriterrupU^r the 
mechanical rectifier is a commutator mountt^l 
on an extension of tho spindle of the inter- 
rupter. In the case of a transformer a similar 
^ See ‘‘Transiormers, Static." 7ol. 11. 
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commutator is mounted, either on the shaft of 
a synchronous motor (if A.C. supply is used) 
or on an extension of the shaft of the rotary 
converter, as the case may bo. If a valve is 
used instead, there are several types avail- 
able, but choice is practically restricted to 
the hot cathode type suoh as the Kenetron. 
As already remarked, Coolidge tubes of the 
radiator type are self-rectifying. 

The initial cost of a transformer outfit is 
approximately twice that of an induction coil 
outfit of corresponding i)owor. A transformer 
outfit is rather more bulky, and any repairs 
are also usually more expensive. On the other 
hand, the efficiency f>f a transfcjrmor is roughly 
twice that of a coil (including a break and 
rectifier). Further, owing to the occasional 
vagaries of all interrupters, control is more 
precise and measurements are more definite 
with the transformer, and if A.C. is available 
and we dispense with the mechanical rectifier, 
there are no moving parts. Transformers 
produce greater boating effect on the target 
of the X-ray bulb, but this objection is met by 
arranging the rotating commutator so that it 
picks off only the regions round the crests of 
the loops, and thereby eliminates the less 
efficient lower voltages. 

The induction coil is an empirically designed 
instrument, the present-day type of wliioh is 
not fundamentally very different from the 
early models of Spottiswoode, although in 
detail it differs very considerably. The exact 
measurement of the performance of coils is 
difficult, and, as a consoquonoc, coil makers 
have been led to adopt certain arbitrary 
standards of design which are based chiefly on 
practical experience. Some of the factors 
which arise in the design are conflicting, and 
it is in the methods of reconciling necessarily 
antagonistic factors that the skill of the coil 
designer finds chief scope. 

The subject of induction coil design for 
X-ray purposes is a largo one, and only certain 
broad conclusions can be touched upon hero. 
A transformation ratio of from 60 to 200 and 
an effioionoy of 0*3 to 0*() are usual figures. 
Some form of sectional winding is adopted for 
the secondary coil, allowing about 4000 volts 
for every 1000 turns, and arranging that the 
outside diameter does not exceed 2^ times the 
boro. The resistance and, more especially, 
the self-induction of the secondary must be 
kept down. The primary should bo capable 
of being connected directly to the 200-volt 
mains. The capacity of the condenser should 
be no greater than will prevent undue arcing 
in the interrupter. The interrupter should 
run at as high a speed as is expedient, and be 
of adequate design and robust construction. 

About 16 lbs. of iron core should be allowed 
for every kilovolt-ampere input. The core 
may well have a length in the neighbourhood 


of up to 10 times the diameter. The primary 
windings should extend over almost the whole 
length of the core ; the secondary windings 
over not more than the middle three-quarters, 
though care must he taken that this (the 
length of the secondary) is at least f times 
the maximum spark len^h. 

The induction coil is essentially a shook 
apparatus, and the shock excitation method 
of interruption may result in the presence of 
many superposed harmonics in the oscillation 
waves. Those harmonics, which have high 
frequencies (several thousands a second), are 
reflected in the secondary circuit, where, from 
a practical point of view, they evince them- 
selves in the reluctance with which they pass 
through an X-ray bulb. The resulting tend- 
ency to spark across the surface of the tube 
can only be met by lowering the gas pressure, 
by immersing the tube in oil, by lengthening 
the arms, or, of course, by suppressing the 
high-frequency waves before they reach the 
tube. 

This is done in the so-called “ symmetrical 
coil *’ wMch has been developed in Germany. 
In this apparatus two separate coils, mounted 
vertically side by side, have their secondaries 
connected in series, and also their primaries. 
In the two connecting leads between the 
secondaries are inserted a gas X-ray bulb in 
the one and an enclosed rectifying spark gap 
in the other. On each side of the spark gap 
and in series with it is a high resistance (water). 
The self-induction of the secondary circuit is 
low, but the resistance is very high and serves 
to damp out the high-frequency oscillations. 
The spark gap helps to enhance the break- 
down potential of the gas bulb. High voltage 
(200,000) and low current (2 to 3 m.a.) are 
aimed at. An annular air space between 
primary and secondary assists natural cooling. 
A mercury break (oj = 47) is used. 

Interrupters . — ^Much of the progress that has 
been made with the performance of coils has 
resulted from the proper selection of inter- 
rupter. The hammer break, the accompani- 
ment of tnost of the earlier coils, is now rarely 
fitted. The majority of present-day inter- 
rupters are of the motor-driven type, which 
employ mercury in a dieleotrio either of coal 
gas or a liquid such as paraffin oiL A large 
proportion of mercury interrupters are of the 
turbine variety, in which a jet of mercury is 
pumped against a series of rapidly revolving 
vanes. 

The electrolytic or Wehnelt interrupter still 
. finds favour with some workers. In the usual 
form it consists of two electrodes immersed in 
dilute sulphuric acid. The cathode is a large 
lead plate, the anode consisting of one or more 
platinum points, the exposed amount of which 
may be controlled by an adjustable porcelain 
sleeve. 
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There is still scope for much work on the of characteristic lines. Preceding this is a 
design of interrupters, which may fairly be table of lattice-constants for several crystals on 
said to be the most untrustworthy feature of which extended measurements have been made, 
a present-day coil outfit. A large amount (ii.) X-ray Spectra , — Up to now, about 16 
of energy is wasted in the 
interrupter, especially with 
heavy currents. 

IV, The Mbasuremint oe 
X-RAYS 

The output from an X-ray 
bulb must be specified with 
respect to (1) mean wave- 
length, quality, or hardness, 
and (2) intensity, i.e. quantity 
of rays per unit area. 

The problem is complicated 
somewhat by the existence of 


Lattice-constants op Crystals 


Crystal. 

Lattiee-coiistaiii 

Observer. 

Rook salt, NaCl . . . 

X 10'® cm. 
2-8140 

W, L. Bragg, Boy, Soc. 

Calcite (cleavage face), 
CaCOs 

3-0290 

Proc., 1913. 

Siegbahn, Phil. Mag., 

Potassium ferrocyanide, 
K4Fe(CN)e-3HaO . . 

8-408 

1919. 

99 9f 

Gypsum, CaSo4-2H20 . 

7-C21 

99 99 


two distinct types of radiation — (1) a general 
spectrum of X-rays with a large range of 
wave-lengths ; (2) the “ characteristic ” or 
“ monochromatic ” rays which are wholly 
characteristic of the metal of the anticathode. 

The proportions of these two classes depend 
on the conditions of discharge and on the 
material of the target. The characteristic 
radiations only appear when the exciting 
cathode rays are sufficiently fast. There is, 
in fact, a critical voltage for each metal, which 
is required in order to excite the characteristic 
rays, and the proportion of these rays in- 
creases rapidly as the voltage is raised above 
this critical limit. 

§ (17) Methods of MBAStrRiNa Quality or 
Hardness. — The range of qualities of X-rays 
is very wide, embracing several octaves. 

(i.) Wave-length. — Wq now know that the 
hardness, or penetrating power, of an X-ray 
is precisely defined by its wave-length — the 
shorter the wave-length, the harder the ray. 
The most precise means of measuring the 
quality of X-rays is by the crystal spectro- 
meter. Measurements show that the majority 
of the wave-lengths of the X-rays, so far ex- 
amined, lie between 10"’ and 10-® cm. 

The subject is dealt with elsewhere, but it 
has been shown by the Braggs, Moseley, and 
others that measurements of the diffraction of 
X-rays by crystals can be made to yield the 
wave-length of X-rays as well as the dimensions 
of the lattice-constant of the crystal concerned. 

It may briefly be mentioned that in any 
crystal the atoms are regularly disposed in a 
network of intercrossing groups of planes, 
each of the planes in a group being parallel to 
and equidistant from its like neighbouring 
planes. The lattice-constant of a crystal is 
the distance separating the main atomic planes 
parallel to some specified crystal face. 

In view of their importance in X-ray 
measurement we give below a table of X-ray 
wave-lengths for the three main series (K, L, M) 


lines have been found to be associated with the 
characteristic X-ray spectrum of each element. 
Three series of lines are known at present — the 
K, L, and M, of which the K has the highest 
frequency. It has also been claimed that a J 
series exists, but the evidence needs confirma- 
tion. The K series contains at least 4 lines, a, /i, 
7 , d (some of them doublets), of which the d line 
has the highest frequency. The L series con- 
tains probably 3 groups of lines, each group 
similar to the K series. 

The values of the wave-lengths of the prin- 
cipal lines are given in the tables in Angstriim 
units. It should be noted that all the values 
rest on W. L. Bragg’s estimate of the lattice- 
constant of rook salt (see above). 

(iii.) Absorption OoeJJlcients . — A very usual 
method of determining the quality of X-rays is to 
measure their absorption in a standard material 
such as aluminium. Aluininiuni is commonly 
chosen because it is readily procurable in con- 
venient form, and, so far as is known, does not, 
in the majority of cases, complicate matters by 
superposing a characteristic radiation. 

Now it is found that if all the rays, both 
entering and leaving a i")lato of material, are 
homogeneous (that is, wholly of the samo 
quality), then the rays arc absorbed ex- 
ponentially by the plate, i.e, if 1, 2, 3 . . , similar 
sheets are successively introduced, each addi- 
tional sheet absorbs the samo fraction of what 
it receives. In other words, if there is no 
“ scattering ” or transformation of the X-rays, 
and if fix is the fraction of the intensity which 
is absorbed when the rays pass normally 
through a very thin screen of thickness x (cm.), 
then for a plate of thickness d (cm.) 

I = Io.e”^^^, 

in which Iq is the intensity of the beam when 
it enters, and I that of the beam wlien it loaves 
the screen, e ( —2-72) is the base of the hy])cr- 
bolic system of logarithms, /x is termed the 
linear absorption coefficient. 
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K Sbriks (Priwjipal Links) 


At. No. 

Element, 

a,. 

ai. 

^1. 

/3a. 

Observer. 

11 

Na 

o * 

X 

X 10”» cm. 
11-96 

X 10"* cm. 

X 10“* cm. 

Siegbahn and StenstrOm, P.Z., July 191G. 

»> »» 

12 

Mg 


0-92 

9-48 


13 

Al 


8-36 

7-99 


>1 >» 

14 

Si 


7-13 

6-76 

. . 


16 

P 

. , 

6-17 

6-81 

, . 


16 

S 


6-36 

6-02 


>7 »» 

17 

Cl 


4-7187 

4-39 

. . 

Siegbahn, P.M,, Juno 1919. 

19 

K 


3-7339 

3-4474 


99 99 

20 

Ca 

. , 

3-3610 

3-0879 


17 77 

21 

So 


3-0263 

2-7746 



22 

Ti 

2-746 

2-742 

2-609 

2-492 

Siegbahn and Stenstrom, P.Z., July 1916. 

23 

V 

2-602 

2-498 

2-281 



24 

Or 

.. 

2-2862 

2-0814 


Siegbahn, PM., Juno 1919. 

26 

Mn 

2-097 

2-093 

1-902 

1-892 

Siogbaiin and StenstrOm, P.Z., Peb. 1910. 

26 

Fo 

.. 

1-9324 

1-7540 

, . 

Siegbahn, P.M., June 1919. 

27 

Co 


1-7862 

1-6176 


77 7t 

28 

Ni 


1-6647 



77 77 

29 

Cu 


1-5374 

1-3895 


* 77 77 

30 

Zn 

1-437 

1-433 

1-294 

1-281 

Siegbahn and StenstrOm, P.Z., Feb. 1916. 

32 

Co 

1-261 

1-267 

M31 

1-121 

77 77 

39 

Y 

. . 

0-833 



Moaeley (corrected), P.M., April 1914. 

40 

Zr 


0-790 



»» 77 

41 

Nb 


0-746 



77 77 

42 

Mo 


0-717 



77 77 

44 

Ru 


0-636 



77 77 

46 

Rh 

0-61*64 

0-6121 

0-6463 

0-6342 

Duane and Hu, P.P., 1919. 

46 

Pd 

0-689 

0-583 

0-616 


Bragg. 

47 

Ag 

0-662 

0-667 

0-496 


»» 

48 

Cd 


0-637 

0-476 


Siegbahn, D.P.G.F., 1916. 

49 

In 


0-606 

0-464 


77 77 

60 

Sn 


0-486 

0-432 


77 77 

61 

Sb 


0-469 

0-416 


» 77 

62 

To 


0-466 

0-404 


77 77 

53 

I 


0-437 

0-388 


>» 77 

66 

Pa 


0-388 

0-344 


Siegbahn, P.M., 1919. 

74 

W 

0-2136 

0-2089 

0-1844 

0-1794 

92 

U 

•• 

0-16 

0-10 


77 77 


L Sbriks (Principal Lutes) 


At. No. 

Elomont. 

as. 

<Xi. 

^1- 

i8«. 

— 

t Observer. 

30 

Zn 

X 10-* cm. 

X 10’* cm. 
12-35 

X 10"* cm. 

X 10“® cm. 

X 10“* cm. 

Friman, P.M,, Nov. 1916. 

33 

As 


9-701 

9-449 

. . 


»> 77 

36 

Br 


8-391 

8-141 

. . 


77 77 

37 

Rb 


7-335 

7-091 



77 77 

38 

8r 


6-879 

0-639 



77 77 

39 

Y 


6-464 

6-227 


. . 

77 77 

40 

Zr 


6-083 

5-851 


6-386 

77 77 

41 

Nb 

6-731 

6-724 

6-493 

6-317 


77 7* 

42 

Mo 

6-410 

6-403 

6-175 



77 >0 

44 

Ru 

4-863 

4-846 

4-630 ’ 


’* 1 

77 77 

45 

Rh 


4-696 

4-372 

’ ! 


77 77 

46 

Pd 

4-374 

4-363 

4-142 

3-903 

3-720 

77 77 

47 

Ag 

4-166 

4-146 

3-929 

3-698 

3-615 

77 77 

48 

Cd 

3-969 

3-949 

3-733 

3-614 

3-331 

77 77 

49 

In 

3-774 

3-766 

3-660 

3-336 

3-160 

77 77 

60 1 

Sn 

3-604 

3-594 

■ 3-381 

3-172 

2-999 

77 '»! 


Verh, der Deutsch, Phys. Cfesitll.; PhU, Mag,; P.P., Phvs, PUv, 
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L Seriis (Principal Linbw) — continued. 


At. No. 

Element 

tti. 

aj. 


^2- 

Xi. 

()l)acrv(‘r. 



X 10“» cm. 

X 10-® cm. 

X 10-« cm. 

X lO-** cm. 

10-“ cm. 


51 

Sb 

3-443 

3-434 

3-222 

3-021 

2-849 

Frimaii, P.Jf., Nov. 1916. 

62 

Te 

3-299 

3-290 

3-074 

2-881 

2-712 


53 

I 

3-155 

3-146 

2-934 

2-760 

2-583 


65 

Cs 

2-899 

2-891 

2-684 

2-614 

2-360 

»» tf 

56 

Ba 

2-786 

2-776 

2-669 

2-407 

2-245 


57 

La 

2-674 

2-666 

2-461 

2-,307 

2-146 

»» ». 

68 

a 

2-573 

2-563 

2-369 

2-212 

2-062 


59 

Pr 

2-472 

2-462 

2-269 

2-120 

1-968 


60 

Nd 

2-379 

2-369 

2-167 

2-036 

1-875 


62 

Sa 

2-210 

2-200 

2-000 

1-884 

1-725 


63 

Eu 

2-131 

2-121 

1-918 

1-810 

1-662 


64 

Gd 

2-054 

2-043 

1-844 

1-744 

1 -597 


65 

Tb 

1-983 

1-973 

1-775 

1-682 

1-531 


66 

i>y 

1-916 

1-907 

1-709 

1-622 

1-470 


67 

Ho 

1-854 

1-843 

1-646 

1-668 

1-415 


68 

Er 

1-794 

1-783 

1-586 

1-614 

1-367 


70 

Yb 

1-681 

1-670 

1-474 

1-414 

1-267 


71 

Lu 

1-629 

1-619' 

1-421 

1-368 

1-224 


73 

Ta 

1-528 

1-518 

1-323 

1-280 

1-135 

Wiogbahn and Priman* 








P.J/., July 14)10. 

74 

W 

1-4845 

1-4736 

1-2792 

1-2419 

1-0956 

Sicgliahn, P.M,, Nov. 

76 

Os 

1-398 

1-388 

1-194 

1-167 

1-021 

14)19. 

iSiegbahn and Priman» 








P.M., July 1910. 

77 

Ir 

1-360 

1-350 

1-164 

1-133 

0-980 


78 

Pt 

1-323 

1-313 

1-120 

1-101 

0-968 

»» ft 

79 

Au 

1-283 

1-271 

1-080 

1-066 

0-922 


80 

Hg 

1-251 

1-240 

1-049 

1-042 

0-890 

» f> 

81 

T1 

1-215 

1-206 - 

1-012 

1-006 

0-864 


82 

Pb 

1-186 

1-176 

0-983 

0-983 

0-842 

»* 

83 

Bi 

1-153 

1-144 

0-960 

0-954 

0-810 

»» »* 

84 

Po 


1-109 

0-920 



»• ** 

88 

Ba 


1-010 




»» »* 

90 

Th 

0-969 

0-957 

0-766 

0-797 

0-664 

f* tt 

92 

U 

0-922 

0-911 

0-720 

0-766 

0-615 

te 

tt 


M Series (Principal Lines) 


At. No. 

Element. 

a. 

/3. 

y. 

8. 



X 10*® cm. 

X 10-® cm. 

X 10*® cm. 

X 10-* cm. 

79 

All 

5-838 

6-623 

/ 6-348 

6-140 1 

81 

T1 

.5-479 

6-266 

t 5-284 

6-102 / 
4-826 

82 

Pb 

6-303 

6-096 

4-91(?) 

4-606 

83 

Bi 

6-117 

4-903 

/ 4-726 
\ 4-661 

4-632 'I 
4-456 J 

90 

Th 

4-139 

3-941 

/ 3-812 '1 
\ 3-678 / 

92 

U 

3-906 

3-716 

3-480 

f 3-303 ^ 

\ 3-324 i 


7erh. der DeuUch. PKya. QeseU. 

It foUowB that A=(2-3/d)(Iog I, -log I) j the 
loganthiM hei^ to base 10. tt in a set of 
observations -with homogeaeons rays, log I is 
^t^ M ordinate against d, the graph is a 
and ,1 is 2-3 times the elope of 


Olworvcr. 


>Sipgl)ahn, 1K1\0A\, 


P.M,^ Phil. Mag.. 


hotorogonoous rays, ^ ix 
greater for thm screens than for thick, luid so 

hL!™ an avornge /*, whi.-b, 

no'werer, vanes more and more slowly ub t-lio 
screen becomes thicker (Fig, 7), 

The logarithmic curve of absorption for 
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heterogeneous rays, such os are given out by 
an ordinary X-ray bulb, is not a straight line, 
but a curve which is steeper for thin screens 
than for thick {Fig. 8). For a method of 
finding analytically the absorption coefficients 
of the constituents of a complex beam of rays, 
see J. J. Thomson, Phil. Mag.^ December 
1916. 

In the case of the characteristic radiations, 
an element exhibits a maximum transparency 



Fig. 7. 

for each of its own characteristic radiations. 
For slightly harder rays than those, the absorp- 
tion rapidly increases ; the rays characteristic 
of the screen are produced and superposed 
on the transmitted rays to an extent which 
diminishes as the incident rays are increasingly 



Thickness of Aluminium 
Fig. 8. 

hardened. For incident rays softer than the 
critical typo, no characteristic rays are pro- 
duced. Thus, as the incident rays are gradu- 
ally hardened, the transmitted rays reach a 
maximum intensity when the incident rays 
are of the same quality as each of the charac- 
teristio rays in turn. 

A large value of fi corresponds to easily 
absorbed rays, and a small one to very pene- 
trating rays. also varies with the nature 
of the absorbing screen, so that it is necessary 
to specify the material used. For medical 
purposes, it has recently been suggested that 
water should be chosen as the standard ab- 
sorbing medium, since the absorptive power 
of water agrees closely with that of animal 
tissue. 

Some workers prefer to think in terms of 


the thickness D, which reduces the intensity 
to half value. D is connected with /x by the 
expression D=0*69/(U. A notion of the order 
of values of jul may be got from the fact that 
for an X-ray beam of average hardness fxjji 
lies between 4 and 8 om.“^; for hard rays 
between 2 and 4 cm. \ /n for fatty tissue 
varies from about 0-4 for hard rays to 0*7 for 
medium rays. 

A more fundamentally important constant 
is obtained by dividing the absorption co- 
efficient (yu) by the density (p) of the absorbing 
screen. This quantity, /x/p — 'usually called the 
mass-absorption coefficient — gives a measure 
of the absorption per unit mass of the screen 
for a normally incident pencil of rays of unit 
oross-soction. Since it is mass alone that 
afiocts absorption, at any rate as determined 
by the usual methods of measurement, it is 
ordinarily more convenient to use mass co- 
efficients than linear coefficients. 

If, as was at one time supposed, the absorb- 
ing powers of different materials were truly 
proportional to their densities, then for the 
same rays fi/p would be a constant, no matter 
what the substance used as screen. In point 
of fact, dense substances arc a good deal more 
absorptive, mass for mass, than light, and /x/p 
increases rapidly with the atomic weight of 
the screen. The increase is more noticeable 
with hard rays than with soft. 

The accompanying table gives a series of 
values connecting wave-lengths and absorption 
coefficients in aluminium, derived from the 
results of Rutherford, Bragg, Moseley, and 
Barkla. A scrutiny of these results shows that 
if pt is the absorption coefficient and \ is the 
wave-length, then, when the effect of scattering 
has been allowed for, 


where 1? is a constant, and n lies between 5/2 
and 3. 


Wave-length A. 


Wave-longth A . 

M/pAl. 

1 X 10"® cm. 

0'04 

12xl0-»om. 

22 

2 

0-21 

13 

28 

3 

0'67 

14 

35 

4 

1-20 

15 

43 

6 

2-10 

10 

51 

6 

3-3 

17 

01 

1 

4-8 

18 

72 

8 

6*6 

19 

83 

9 

8*9 

20 

96 

10 „ 

12-2 

21 „ ' 

108 

11 

16'6 

22 

120 


§ (18) Tbce SrxED OF the Cathode Rays. — 
If the exciting voltage is uniform and a mag- 
netic field be applied to tbo cathode rays, the 
band of rays is deflected as a whole to an 
extent dependent on the magnetic field and 
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the speed of the cathode rays. If the exciting 
voltage is pulsating, and a similar experiment 
be tried, a magnetic spectrum of cathode rays 
is formed, the least deflected hand of rays 
corresponding to the highest speed rays which 
owe their velocity (v) to the maximum voltage 
(V) applied. 

Since the energy of the electron is eq.ual to 
the work done in expelling it, we have 

^7nv^ = Ye, 

where e and m are respectively the electronic 
charge and mass. Substituting the accepted 
value of ejm 

V=2'8vM0-i«, 

where V is in volts and w is in cm. per sec. 

It is thus possible by measuring i; by means 
of the magnetic deflection in a known fi.eld to 
arrive at the value of V. 

§ (19) The “ Qtjanttjm Limit ” to the X- 
HAYd. — ^The X-ray spectrometer has brought 
out the truth of a remarkably simple relation 
between the voltage applied to an X-ray bulb 
and the shortest wave-length emitted. It is 
now well known that, no matter whether the 
exciting voltage is constant or pulsating, a 
spectrum of X-rays is generated containing a 
wide range of wave-lengths. This spectrum is 
terminated very definitely at the short-wave 



JlQ. 9. 

end {Fig, 9) at a point determined by Planek’p 
quantum ^ relation 

Ve=^hv, 

where 

V is the maximum voltage applied, 
e is the eleotronio charge, 

h is Planek’s universal constant, 

V is the frequency of the limiting wave. 

Substituting the accepted values of the con- 
stants in the above equation, we have 

Voltage = 12,400/wave-length in A.U. 

It is obvious that the X-ray spectrometer can 
thus be utilised in some convenient form as a 
means of measuring the maximum effective 
voltage applied to a tube. 

§ (20) The Maximum Spark Gap. — ^T he 
maximum voltage applied to a tube is most 

^ See “ Quantum Theory/" § (1). 


commonly measured by means of the alter- 
native spark gap between points or spheres. 
Some experience is necessary, especially in the 
case of a gas X-ray tube, whore the method 
tends to give too high values, especially with 
pulsating potentials. In the case of Ooolidge 
radiator tubes excited by iinrcctifiod altomat- 
ing potential, the spark gap will register tho 
“ inverse ” voltage rather than tho lower 
“ effective ” voltage. 

The work of Peek and others has shown that 
a spark gap between spherical electrodes of 
equal size is preferable to that botwoen points. 
The spark between points is now generally 
discredited for high voltages on account of 
its inconsistent dopendonoo on atmosphorio 
humidity and frequency of discharge. By 
reason of its time-lag, its readings may be 
largely in error, in the case of high-froquoncy 
steep impulses. 

On the other hand, frequency and wave 
shape have no appreciable effect in tho case 
of the sphere gap, and tho effects of variation 
in the atmospheric conditions arc well known, 
and can be readily corrected for. 

The size of the spheres is important. A 
good rule is not to use a gap bigger than tho 
diameter of either of the balls, though some 
latitude may bo permitted in this cliroction. 
The main point is to avoid the break-down 
discharge being preceded by brush-discharg© 
or corona, otherwise a pulsating cliseharge will, 
in general, give gap readings much too high. 
With the above precaution, a fli)hero gap is 
capable of measuring (peak) voltages from, 
say, 10,000 volts to 500,000 to an accuracy of 
about 2 per cent. 

The table below is based on Dr. A. Russell’s 
formula and incorporates the latest results of 
the American Institute of Klootrioal Engineers 
(1918). It includes also, for convenience, a 
column of figures for a needle i)t)int gaj) (No. 00, 
new sewing needles) whicdi furnish a rough 
notion of the voltages for an instrument which 
is still much used. Tho A.T.E.E. recommend 
that for voltages above 7(),CXK) (and preferably 
above 40,000) a sphere gap should always ])0 
employed. 

The gap should not bo exposed to any 
extraneous ionising influence, such as an arc 
or an adjacent spark, nor should tho ga]) bo 
enclosed. Tho first R})ark is the one for whi<^h 
the reading should bo taken. The tiso of a 
water resistance in series with tho gap will 
prevent arcing and pitting of the sphere sur- 
faces. 

§ (21) Sr ARK-GAT? Voltages at 700 mm. 
Pressure and 25® C. — Where any gaj) is 
being used outside its recommended limits, 
the figures are shown in brackets. The blank 
spaces indicate that the gap is no longer suit- 
able. Tho gaps are given to three significant 
figures for interpolation purposes. 
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Table A 


Kilo 



Diameter of Spheres. 



(peak). 

Ncodlo Points. 

2*5 cm. 

5 cm. 

10 cm. 

25 cm. 

60 cm. 


cm. gap. 

iuc.iics gap. 

cm. gap. 

cm. gap. 

cm. gap. 

cm. gap. 

cm. gap. 

5 

(0*42) ■ 

(0-17) 

(0-13) 

(0.16) 

(0-16) 

(0-16) 

(0*17) 

10 

(0-85) 

(0-33) 

0*27 

0-29 

0*30 

0-32 

0*33 

15 

1-30 

0*61 

0*42 

0*44 

0-46 

0-48 

0-60 

20 

1-75 

O-CO 

0*68 

0*60 

0-62 

0*64 

0-67 

26 

2-20 

0*87 

0-76 

0-77 

0*78 

0-81 

0-84 

30 

2-69 

1*06 

0.95 

0*94 

0-96 

0-98 

1*01 

35 

3-20 

1*26 

1*17 

1*12 

M2 

116 

M8 

40 

3-81 

1-60 

1-41 

130 

1-29 ■ 

1-32 

1-36 

45 

4-49 

1*77 

1-68 

1*60 

1*47 

1-49 

1-62 

60 

6-20 

2-06 

2*00 

171 

1*66 

1*66 

1-09 

60 

0-81 

2*68 

2-82 

2*17 

2-02 

201 

2-04 

70 

8-81 

347 

(4.06) 

2-68 

2*42 

2-37 

2-39 

80 

(IM) 

(4-36) 

3.26 

2*84 

2-74 

2-76 

90 

(13-3) 

(6-23) 


3*94 

3-28 

311 

3-10 

100 

(16-6) 

(6*10) 


4*77 

3*76 

3-49 

3-46 

110 

(17-7) 

(6*96) 


6*79 

4-25 

3*88 

383 

120 

(19-8) 

(7*81) 


(7*07) 

4-78 

4-28 

4-20 

130 

(22-0) 

(8*05) 


.. 

6*36 

4*69 

4-67 

140 

(24*1) 

(9-48) 

•• 

.• 

6-97 

6-10 

4*94 

160 

(20.1) 

(10*3) 

-• 

.• 

6*64 

5*52 

632 

160 

(28-1) 

(IM) 


, , 

7*37 

696 

5*70 

170 

(30.1) 

(11.9) 


. . 

8*16 

6*39 

6*09 

180 

(32*0) 

(12*6) 

.. 


9*03 

6*84 

6-48 

190 

(33-9) 

(133) 


.* 

10*0 

7-30 

6*88 

200 

(36*7) 

(14.0) 



IM 

7*76 

728 

210 

(37.6) 

(14.8) 

, , 


(12*3) 

8-24 

7-68 

220 

(39-6) 

(16-6) 

. . 


(13-7) 

873 

S'OO 

230 

(41.4) 

(16.3) 



(15.3) 

9-24 

8-60 

240 

(43*3) 

(17.0) 



*• 

9*76 

8*92 

260 

(46*2) 

(17-8) 

1 •• 


•• 

10*3 

1 9*34 


§ (22) CORBBOTION FOR DENSITY OF AtR.— 
Applicable only to sphere The follow- 

ing table gives the relative air density under 
different conditions. The figures are relative 
to dry air at 25° C. and 760 nini. pressure : 


Tabt^b B 


Temigernttire 

1‘reBHUTo 

7‘J() nnii. 

VrosHure 
740 imn. 

Pressure 
700 mm. 

Prennuro 
780 mm. 

0 

1*04 

106 

109 

M2 

10 

1-00 

102 

105 

1-08 

20 

096 

099 

102 

1-04 

30 

0*93 

0-96 

0-98 

1-01 


Within the limits of the above table the 
correction factor for a sphere gap agrees sub- 
Htantially with the relative air density. Thus 
for a given length of spark gap, the tabulated 


kiLo-voltago in Table A must be multiplied by 
the appropriate correction factor in Table R 
Alternatively, to calculate the gap which will 
just be sparked over by some specified voltage, 
the voltage must first be ^vided by the 
appropriate correction factor before Table A 
is used. 

It will be seen that under normal conditions 
the correction is small or negligible. ^ 

§ (23) Penetrometers, (i.) Benoist Penetro- 
meter . — Among medical men Benoist’s radio- 
chromometer or penetrometer enjoys extensive 
use as a measurer of hardness. It consists of 
a thin silver disc 0-11 mm. thick, surrounded 
by twelve numbered aluminium sectors from 
1 to 12 mm. thick. The X-rays are sent 
through the instrument, and the observations 
consist merely in matching on a fluorescent 
screen or photographic plate the image oast 
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by the silver disc against the images of the 
aluminium plates : the thickness of the match- 
ing sector increases with the hardness of the 
rays. A notion of the discharge potential 
across a tube may be got from the very rough 
relation that the voltage is from 8000 to 10,000 
times the Benoist reading of the X-rays. 

(ii.) WaU&r Penetrometer, — This consists of a 
number of holes in a lead disc, which are 
covered by a sequence of platinum discs of 
gradually increasing thickness. 

(iii.) Christen's Half-value Penetrometer . — 
Christen adopts as a definition of quality the 
thickness of a layer of water (or, in actual 
practice, bakelite), which will reduce the in- 
tensity of a beam of rays to half its original 
value. 

The rays are sent through a stepped w-edge 
of bakelite, alongside which is a perforated 
metal plate. This provides a standard of 
reference on a fluorescent screen, the two 
images being side by side. The holes in the 
plate are so designed that the area of the 
metal removed equals that which remains, so 
that the plate by this means reduces the 
intensity of a beam of rays to half -value. The 
holes are small enough to produce uniform 
illumination on a screen placed a short distance 
behind the plate. 

§ (24) QxrALiMBTBES.~(i.) Bamr QmUmeter . 
— This is a type of semi-electrostatic volt- 
meter, which serves to measure the potential 
difference between the electrodes of a tube. 

. (iL) Klingelfuse Qualimeter consists of an 
auxiliary search coil and electrostatic voltmeter. 
The instrument works similarly to the Bauer, 

The hardness-numbers of the various pene- 
trometers are all much the same as Benoist’s, 
except those of Wehnelt, which are 50 per cent 
bigger for the same quality of rays. 

§ (26) Methods or Measuring Intensity. 
— The intensity of the X-rays at a particular 
point is defined as the energy falling on one 
square centimetre of a receiving surface passing 
through the point and placed at right angles 
to the surface. The question is thus on all 
fours with that of illumination with visible 
light, and the need of a unit of “candle- 
power ” in X-ray work is becoming pressing. 

The work of a number of experimenters with 
the X-ray spectrometer has shown that the 
energy E emitted per second by an X-ray bulb 
may be written 

where 

V is the voltage on the tube, 
i is the current through the tube, 

N is the atomic number of the target, 

Jb is a constant. 

The value of k will depend on whether a gas 
or a hot-cathode tube is employed, and also 
on the type of exciting potential. The above 
expression refers only to the general or “white” 


X-radiation. If the voltage is such as to excite 
the characteristic radiations, the voltage comes 
in as a higher-powered term than V^, and the 
efficiency increases correspondingly. 

Measurements of the value of k have been 
made, and result in showing, unfortunately, 
that the efficiency of an X-ray bulb is de- 
plorably small, of the order of 1 part in 1000. 
The chances that a cathode ray will ultimately 
come into suitable conflict with some atom 
and so generate an X-ray arc slight. We 
raise those chances by increasing either the 
exciting voltage or the mass of the atom of 
the target. 

The X-ray emission is virtually distributed 
over a sphere, or, more practically, over a 
hemisphere, since the target blocks out most 
of one half of the sphere of radiation. 

Thus the intensity (comprising all wave- 
lengths) falling on a square centimetre at dis- 
tance d from the anticathode may bo written 

’ 

If the length of exposure is t sees, the total 
amount of energy received becomes 

kmVH 

* 

It is apparent that we can base on this relation 
a system of X-ray intensities and “ doses,” 
provided we can measure i and V and bo 
certain to what extent each is efloctivo in 
generating rays which are of practical utility. 

In practice we almost always filter out the 
long waves, and we shall need then to know 
the new value of ifc, so as 'to correct for the 
proportion of i which is not usefully employed. 

The measurement of all the terms in tlie above 
expression, except perhaps i and V, offers no 
difficulty, i can bo measured by a milli- 
ammeter of suitable design, which oven with 
rapidly pulsating currents appears to indicate 
the mean current, as has been verified by the 
use of the voltameter and oscillograph. 

The measurement of V has already boon 
referred to above. If the oxfuting potential 
is constant, it can be measured by a resistance 
type of voltmeter in series with a high resist- 
ance. If the potential is fluctuating, rec^oursc 
win usually bo had to the sphere sj)ark gap. 
The voltages are mostly too high for an electro- 
static voltmeter. . 

In addition to the above method, the radio- 
logist has employed a variety of means of 
measuring the intensity of X-rays at some 
selected point in the beam. To this end one 
or other of the properties of the rays have 
been utilised — ^heating, ionising, photographic, 
fluorescing, or chemical. 

The heating effects arc minute and t.ho 
method is only fitted for the research 
laboratory. 
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(i.) Ionisation Methods . — When X-rays pass 
through a gas they impart to it a temporary 
electrical conductivity, the extent of which 
depends on the number of ions formed and 
thus on the amount of energy absorbed in the 
gas. An ionisation method of evaluating 
X-rays thus resolves itself into the measure- 
ment of a minute electric current. For this 
purpose an electroscope or electrometer is 
commonly employed, and the delicacy and 
convenience are such that the method has 
found almost universal acceptance among 
research workers. 

But in medical radiology the method is 
only beginning to find favour, more especially 
in deej) therapy. The iontoquantimotor of 
SzQard was one of the first instruments to be 
designed on this basis. In its mpst recent 
development a part of the quantimeter is 
sometimes actually introduced into the 
affected organ, and the rays measured which 
are actually received at the pouit concerned. 

The ionisation method is unapproached in 
sensitiveness by any other method; it does 
not depend dominantly upon any selective 
process, and it is reasonable to anticipate that 
some unit of dosage thus developed and 
connected maybe with the accepted radium 
standard will . ultimately receive recognition 
as a standard. 

(ii.) Photographic and Fluorescence Methods. 
— Photographic plates record only about 1 per 
cent of the energy of the X-rays, but neverthe- 
less a method of measuring intensity by this 
moans has been developed and fin^ favour 
with some workers. 

As is the case with most types of intensity 
meters the short-waved rays are recorded 
disadvantageously compared with the soft 
rays. Furthermore, a photographic film be- 
trays marked selective absorption, and the 
photographic effect may be quite misleading 
in consequence. 

To the worker with limited resources the 
photographic method of measuring intensity 
offers advantages because of its simplicity. 
Some form of opacity -motor for obtaining 
a measure of the density of the image is 
the chief requirement. The opacity meter 
measures the extent to which a standard 
beam of light is cut dowm by the photographic 
film whose density is required. If Iq is the 
intensity of the (homogeneous) testing light 
which is incident on the developed film, and 
I< that of the transmitted light, then, if px 
is the fraction of the energy which is absorbed 
by a very small thickness, re, of the film, 

I*=Toe“K 

where d is the thickness of the film. The film 
is assumed to be equally dense throughout its 
thickness. 

For films of uniform thickness, d is constant. 


so that ^ is proportional to log {IJlt). /a is 
called the absorption coefficient; (IJlf) is 
known as the opacity, and measures the 
number of times the incident light is cut down. 
Log(Io/I*) is termed the opacity logarithm. 
The transparency is the reciprocal of the opacity. 
Now, by definition, fi is proportional to the 
density of the image — i.e. to the amount of 
silver per unit area of film. Thus the ratio 
of two opacity logarithms gives the ratio of 
the film densities, and therefore the ratio of 
the photographic energies in the two cases. 
The opacity meter is graduated to read 
directly in opacity logarithms. 

In fluorescence methods the luminosity is 
matched against some standard fiuorescence 
excited by a steady source of radiation such as 
radium. The drawback to such methods is 
that the fluorescing salt becomes “ tired ” 
under the action of the rays. The sensitivity 
of a screen may also vary considerably from 
point to point, so that it is difficult to make 
a fair comparison. Barium platinooyanide is 
the material commonly used to sensitise a 
fluorescent screen. This salt, which has the 
formula BaPt(ON) 4 , 4HaO, exists in three 
different forms, of which the green crystal- 
line variety is by far the most efficient for 
fluorescing purposes. 

(iii) Chemical and Other Methods . — In the 
therapeutic use of X-rays, various chemical 
reactions brought about by the rays have 
been suggested and employed from time to 
time as aids . to dosage ’’ ; for example, 
the discolouring of various alkaline salts 
(Holzknecht, 1902) ; the liberation of iodine 
from a 2 per cent solution of iodoform in 
chloroform (Freund, 1906 ; Bordier and 
Galimard, 1906) ; the darkening of a photo- 
graphic paper (Kienbdok) ; the precipitation 
of calomel from a mixture of mercuric chloride 
and ammonium oxalate solutions (Schwarz, 
1907) ; and the change of colour of pastilles 
of compressed barium platinooyanide (Sabour- 
aud-Noird and Bordier), X-rays resemble 
light in their property of lowering the eleotrioal 
resistanoe of selenium ; this property, if the 
pronounced fatiguing of the selenium could 
bo overcome, would doubtless furnish the 
basis of a very convenient method of measure- 
ment, though Ffirstenau in his intensimeter 
claims to have got over this difficulty. It 
must be admitted that most of those methods 
provide little more than the roughest notion 
of the intensity of a beam of ordinary hetero- 
geneous X-rays. 

Of all the various intensity-measurers, the 
pastille finds most favour with medical men. 
The barium-platinocyanide discs are some 
6 mm. in diameter, and their colour, initially 
a bright green, changes, when exposed to the 
rays, to a pale yellow, and finally to a deep 
orange. The pastille is placed at a specified 
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distajxoe from tlie antioathode of the bulb, 
and the colour is matched against one of a 
number of standard tints. The method is 
easy in practice, and is fairly reliable as a guide 
for short exposures, but it is not trustworthy 
for heavily filtered or very penetrating rays. 
The pastille method is defective in that it 
attempts to measure rays of all q[ualities by 
a surface coloration. Other platinooyanides 
show similar colour changes when exposed to 
X-rays. Levy has shown that the change 
of colour is due to a change from the crystalline 
to the amorphous condition. If the pastille 
is put aside, the reverse change slowly takes 
place, especially in the presence of light, so 
that the pastille should not be exposed to 
full daylight during the X-ray treatment. 
XJltra - violet light and radium rays cause 
similar browning in such pastilles. 

The following table gives an. idea of the relation 
between the different dosometer scales : 

dH units (Holzkneoht; alkaline salt) 

—Tint B (Saboiiraud-Noir6 ; pastille) 

—Tint 1 (Bordier ; varnished pastille) 

—3 to 41 (Bordlor and Galimard; iodine solution) 
— lOX units (KienbOok; photographic plate) 
r»3*6 kaloms (Schwarz; mercury solution) 
—Villard dose. 

§ (26) Effect of Wave Form of Exoitino 
Potential. — So long as radiologists confined 
their measurements on the X-ray bulb to the 
miUiammeter and the point gap,' little progress 
was made on the subject of the best form of 
exciting potential wave. It was realised that 
the miUiammeter was often misleading if used 
alone, but insight into the problem only came 
with the use of the X-ray spectrometer and 
the osoUlograph. 

The oscillograph (preferably of the cathode 
ray type) should be arranged to give simul- 
taneous graphs of both potential and current 
wave forms. The spectrometer analyses the re- 
sulting X-ray output and gives the distribution 
of intensity among the various wave-lengths. 

Work such as this has shown the truth of 
what might have been anticipated on a priori 
grounds, i.e. the importance in pulsating 
discharges of keeping the conditions so that 
the potential and current curves are in phase. 
In other words, for efficient output of X-rays 
as much of the current as possible should he 
sent through the tube with the maximum 
potential actuating it. 

As the output of X-rays depends on the 
square of the voltage, the ideal state of 
things would appear to be to rush the potential 
as quickly as possible to the maximum and 
keep it there for as long as any current is 
passing. Voltages lower than the maximum 
are less efficient. 

In practice much depends on the type of 
X-ray bulb used— whether gas or hot cathode. 


and it will he instructive to compare tho 
behaviour of three main types of exciting 
potentials (a) constant potential, (6) sinusoidal 
transformer discharge, (c) sharp-peaked pulsat- 
ing coil discharge, all running under the same 
maximum voltage and the same milliamperage. 

First take the case of the Coolidge tube. 
Owing to the existence of the saturation 
current, the shape and limits of the current 
curve are gieatly dependent on the char- 
acteristics of the potential wave {Fig. 10). 
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Fio. 10. 


With constant potential, the current remains 
constant at its saturation value. In tho case 
of the transformer loop tho current rises gradu- 
ally to its saturation value and dies away 
again as the potential loop terminates. In 
the case of the coil and interrupter, the current 
again rises to its saturation value, but as a 
whole the current curve is pronc^ to lag behind 
the potential curve. The defect, which is due 
to arcing within tho interrupter, increases as 
the current through the tube is increased. 
This is tho explanation of tho well-known 
fact that as tho current is raised the output 
of X-rays increases only slowly and by no 
means proportionately. A partial euro is to 
raise the speed of tho interrupter, as in tho 
Wehnelt break. 

We are led to anticipate tbo results of tho 
spectrometer curves. Remembering that the 
area of each curve is a measure of tho total 
output of radiation, wo see from Fig. 11, whicli 
gives intensity in terms of wave - length 
(derived from Dauvillier), that tho constant 
potential is the most efficient, then the trans- 
former, and lastly tho coil. Furthermore, the 
crest of the curve is of slightly shorter wave- 
length in the case of tho constant potential. 
It may he added that tho superiority of tho 
constant potential becomes loss marked as the 
potential rises. 

If we now consider the cose of tho gas tube, 
the cun-ent curves prove, in most ciroum- 
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stances, to bo quite different from those for 
the Coolidgo tube {Fig. 10). The current 
curve now exhibits no saturation value, but 
consists instead of a succession of peaks, no 



FIQ. 11. 

matter whether the exciting potential is 
constant or varying. The constant potential 
produces, so to speak, all the effects of an 
intermittent one. In the case of the trans- 
former the middle portion of the potential 
loop produces a number of current peaks 
whoso lieights wax and wane with the poten- 
tial. The coil produces one or more current 
peaks corresponding to each potential peak. 
We are led to infer that the spectral curves 
for the different excitants will not differ 
appreciably, and this proves to be the case. 
Fig. 12 gives the curves derived from three 



different excitants. Further, the maxima of 
the several spectral curves all agree in wave- 
length, Wo realise then that the shape and 
limits of the spectral curve are determined 
mainly by the tube rather than by tho 
excitant. 

In the case of both gas and hot cathode 
tubes there is a variety of factors which may 
modify tho various curves and graphs appreci- 
ably in detail, without affecting the main 
outlines. 

To sum up, we may conclude that for 
maximum efficiency in the case of a Coolidgo 
tube we should raise the potential on tho tube 
as high as is expedient or possible and keep 
it there. Thus the ideal excitant would appear 
to be constant potential or, failing that, a 
transformer of high frequency. 


The “ shock tactics ” of a coil, which are 
largely wasted on a Coolidgo tube, are doubt- 
less w^ell adapted to a gas tube owing to its 
characteristic way of breaking down under 
potential stress. From a practical point of 
view, the transformer potential wave is prob- 
ably not quite so well suited to a gas tube, 
but constant potential should prove very 
effective apart from difficulties of generation, 
etc. The i)ractical difficulties of obtaining an 
equally high constant potential or maximum 
transformer voltage (selectively rectified) are 
probably greater, but otherwise they would 
seem to offer advantages equal to those of 
tho coil. 

Tho interval between the discharges of a 
ooil-drivon bulb is not without its advan- 
tage in helping to keej) down tho tempera- 
ture rise of tlie target. But with a mercury 
break under ordinary conditions this interval 
amounts to about 90 per cent of the time 
between successive impulses, and is needlessly 
long. In tho case of a singJe-phaso trans- 
former the coTrosi)ondmg figure is of tho order 
of 60 per cent. 

We can raise tho efficiency of tho coil or 
transformer by increasing the frequency 
substantially, and so crowd in more impulses 
per second, though the increased heating of 
the target may have to be mot. If, further, 
in the ease of a coil, we raise the voltage on 
the primary and increase tho capacity of the 
condenser, we can produce a series of fiat- 
topped peaks with little or none of tho “ tail 
in evidence. We are thus approximating 
more and more to tho transformer (selectively 
rectified) and, in the limit, tho ideal steady 
potential. During those changes the readings 
of the milliammetor will approach more and 
more the effective values from an X-ray point 
of view. 

§ (27) Constant Potkntial.— The value of 
oonst.ant potential has boon referred to. It 
is not only an efficient moans of generating ^ 
X-rays, but it permits precise measurement. 
As already remarked, tho superiority of con- 
stant over varying potential is less marked 
as the voltage is increased, except when the 
characteristio radiations begin to bo generated, 
when tho constant potential increases its rela- 
tive effootiveness. Moreover, constant poten- 
tial is admirable in its precision for thera- 
peutic purposes. In radiography it generates 
sufficient diversity of wave-lengths to give 
good contrast and detail. 

Those workers wlio have used the influence 
machines in America and elsewhere speak 
highly of tho results. There is a great future 
for a static machine of engineering design and 
largo output which will defy the varying and 
generous humidity of this country. 

Tho only other means of obtaining steady 
potential are by use of the transformer 
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together with the Kenetron or hot-cathode 
valve. These latter can now be obtained to 
rectify 100,000 volts. By the use of 3-phase 
current and 6 kenetrons a voltage fluctuating 
only 15 per cent can be obtained. There are 
a variety of ways of combining -kenetrons with 



condensers and inductances, so that the varia- 
tion in the resulting potential is trifling. For 
example {Fig, 13), Hull of the G.E.C. Labora- 
tory at Schenectady has so transformed and 
rectified 150 volts A.O. (co = 2000) to 92,000 



Fig. 14, — Upper Curve unrectified, Lower Curve 
rectified. 


with a fluctuation of about 1 per cent (Fig. 
14) ; or 60,000 volts with a fluctuation of 
only ^ per cent. 

§ (28) Homogeneous X-eats. — An ideal 
of the radiologist has always been a means 
of producing homogeneous X-rays, so that, 
among other things, a precision dose can be 
the better formulate in therapy. While all 
X-ray beams are heterogeneous, they tend to 
become less so as the voltage is raised and the 
rays are filtered by the right choice of substance 
of a suitable thickness. This may be seen 
either from absorption curves or, more accur- 
ately, from spectral distribution curves. 

But the nearest approach to homogentity 
can be reached by operating the X-ray bulb at 
a voltage somewhat above one of the critical 


values necessary to generate one of the throe 
known characteristic radiations (K, L, M) of 
the anticathode, and then filtering by a screen 
either of the same element as the antioathode 
or, preferably, by an element of slightly smaller 
atomic number. Wo have already remarked 
that above the critical voltage the character- 
istic radiations are generated more copiously 
than the general radiation. The voltag<» should 
not be too high, however, or short-wave 
general radiation v^l begin to make its appear- 
ance and will not bo removed by filtration. 
There is, in fact, an optimum voltage. For 
example, while the critical voltage for the K 
radiation of tungsten (At. No. "74) is alxmt 

70.000 volts, the optimum voltage is about 

100.000 volts A filter of tungsten or tantalum 
(At. No. =73), 0*16 mm. thick (Fig, 15 ; Hull), 



Fig. 15. 

removes most of the general radiation, but 
leaves both the (i and a components of the K. 
radiation. An equally thick filtfOr of ytterbium 
(At. No. =70) would leave only the a com- 
ponent, with an intensity at least 30 times that 
of the remaining general radiation. Similarly 
for molybdenum (At. No. =42) the oy)tiumm 
voltage is about 30, OIK) and the best filter 
zirconium (At. No. =40) (s<'e Fig. Ifi; Hull). 
Tungsten would bo a good filter for platinum 
radiation (At. No. = 78). 

At the National Physical Laboratory there ia 
a battery of X-ray tubes each with a different 
anticathode, so that a variety of homogene(»UB 
rays can bo obtained. Unfortunately such 
beams arc of feeble intensity. 

V. X-RAYS ANI> MeDIOINR 

§(29) Radiography. — X-rays have become 
one of the handmaidens of modicune, a fact 
which is bound up with the great improve- 


RADIOLOGY 


613 


merits of roeont years in X-ray equipment and 
technique, which have given the diagnostic 
methods of physicians and 
surgeons a facility and 
exactness never dreamt of 
at one time. Exposures 
have been enormously 
shortened {Figs. 17 and 
18), and snapshots of any 
part of the body can now 
be taken. 

In surgery of the bone, 
not only fractures, but the 
intimate lamellar struc- 
ture of the bone can be 
examined; we have, more- 
over, learned that tumours 
and cysts in bones are not 
specially rare, and that 
nearly all sprains are 
accompanied by slight 
fractures of the bone. 

When a bone is badly 
splintered the dead bone 
splinters can be sorted out 
from the living. 

Tumours in any part of 
the head can be detected 
and their position determined. The diagnosis 
and location of diseases of all parts of the 
alimentary canal are routine — stricture of the 



FiO. 17.— Badlofiraph of Kand (January 1890) ; 
Exposure 20 min. (Oamphell-Swinton). 

oesophagus, stomachic disorders, diseases of the 
appendix and colon, etc. , can all be demonstrated 
by the X-rays with the assistance of special 
food containing matter opaque to the rays. 


Stones in the kidney and (more recently) the 
gall-bladder, diseases of the liver and pelvic 
organs, incipient tuber- 
culosis in the lungs and 
joints can be diagnosed 
with certainty and with- 
out pain or danger. 

Dental radiography has 
become an important sub- 
ject. By suitably dispos- 
ing a photographic film 
radiographs of individual 
teeth can be obtained, 
revealing in perfect 
fashion the condition of 
both the tooth and sur- 
rounding hone. 

During the war many 
thousands of radiologists 
helped to build up the 
triumphs which X-rays 
achieved. The X-ray be- 
came as indispensable as 
the dressing or the splint, 
and it was an essential 
adjunct in prescribing 
and directing as well as 
avoiding operations. The 
detection of bullets and shell fragments in any 
part of the body was commonplace, and the 
X-rays were also used to guide the surgeon 
during his actual efforts to remove foreign 



Fia. 1 8.— Eadiograph of Hand (January 1920) ; 
Exposure tL sec. (Knox). Showing im- 
mense advance in technique, although ex- 
posure only of exposure in Fiff. 17. 

bodies. Cleverly designed X-ray motor- 
lorries permitted early examination in the 
field. In the case of eye wounds X-ray 



Fig. 16. 
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stereoscopy attains its fullest delicacy, and the 
location of small foreign bodies can be carried 
out to the hundredth part of an inch. Another 
war development of radiology was its employ- 
ment by the orthopaedic surgeon in his efforts 
to restore damaged limbs. Many hundreds of 
thousands of radiographs were taken at the 
various hospitals during the war. 

§ (30) Badiothbrapy. — The X-rays possess 
valuable properties in the treatment of malig- 
nant disease. The living cells have the power 
of resisting or responding to X-rays, while 
malignant cells disappear with suitable 
“ dosage.” The treatment has, for example, 
been largely and successfully employed for 
rodent idoers, and much attention is being paid 
to the cure of cancer. 

In many skin diseases the X-rays have 
proved to be of notable service. For example, 
they are now the accepted and certain means 
of curing ringworm. The “ dose ” is all- 
important, for the sweat glands and hair 
folUcles are also affected and, with excessive 
exposure, may even be destroyed, the result 
being baldness. 

The corpuscles of the blood are prejudicially 
affected by X-rays, resulting in a form of 
aplastic anaemia. Curiously enough, the rays 
seem to have little or no action on bacteria or 
their spores, and in this respect stand out in 
marked contrast to ultra-violet light. 

Deep-seated organs are now frequently 
treated by X-rays. In deep radiotherapy 
modem technique is tending in the direction of 
administering massive doses of X-rays in the 
shortest possible time, always having regard 
to the safety of the overlying skin. In other 
words, “ shook tactics ” are used, and the wave 
form of the exciting potential may prove to be 
important in this connection. The soft rays 
am removed by using metal filters (A1 or Zn) 
with a coating on the side nearest the skin of 
wood or leather, so that no characteristic 
radiation may play on the skin. Over-dosage 
of the skin is also avoided by employing 
multiple parts of entry, each of the various 
beams being properly directed at the deep 
affected tissue. 

The chief hindrance to precise radiotherapy 
at the present time is probably the lack of a 
means of measuring the dose of radiation 
absorbed by the particular region concerned, 
especially if it be at a depth in the body. On 
physical grounds, at any rate, it would seem 
that it is only those rays which are absorbed 
which can produce physiological changes, and 
only such rays should be included when speak- 
ing of a dose. It may be, of course, that 
selective action is present, and that only a 
restricted range of wave-lengths is appropriate 
^r the conversion of energy in the correct spot. 
With this reservation it would seem that the 
degree of reaction should be a function of the 


absorbed and converted energy. The problem 
is complicated })y the lack of homogeiK^ty of 
the jirimary beam. 

Among the tragedies of the war, few wore 
more pathetic than the ghastly disligurernentfl 
caused by shell wounds of the face and head. 
Fortunately it was often ])oRHihl(s by tho 
wonderful grafting operations of the Hurge<in, 
to restore at least a somblanoe of the i)ati<‘nt's 
former appearance. Liiw wore riuiew<Hl, new 
noses built up, eyelids u^plac^ed, eavitioH in 
the palate filled in by flaps taken from the 
skin or scalp. The 8ca^-t.iHHlIC^H and llaj>H wc*re 
kept pliant and ada|)table by “ spraying ” with 
X-rays, which also sc^rvod to d(q)ilati^ hair and 
to stimulate the healing j)roec‘HS in both flaps 
and hone. 

§ (31 ) X-RAY PROTEOTION. — As alrtwly 
marked, the X-rays possess in a ntarktwl dogms 
the property of affecting animal tissiui. Ah 
many of the earlier workers found to their cost-, 
tho effects of over-exposures to the rays ntay 
ultimately i>rovo fatal. In view (ff the git^at 
public interest which tho subject Inis excited, 
and tho fact that eompl(‘to Haf(‘guanl8 ar<^ 
possible, tho recent (1921) rci)ort is apjarndtHl 
of a reprosontiitivo cominittcw whujh nwiewed 
the whole question in tho light of pn^wint-day 
knowledge. The recommendations arc n»any- 
sided and cover most of the points which 
experience has suggested both in X-ray and 
raium practice. 

It may hero be remarked tliat with exciting 
voltages in the region of 2(K),tKK), mm, of 
lead reduces the intensity of X -rays over 10, (KK) 
times; 10 mm. of load over 1 million times. 
Good lead-impregnated ruf>bor sheet is ortlin- 
aiily equivalent to about J or I of tlie sarno 
thickness of load shoot. For leiui glass the^ 
corresponding figure is J to i, although it is 
possible to obtain glass with a ligmv of 

The dangers t>f scattered X-rays should 
realised, particularly with very lugh exciting 
voltages. One of tho best nunt^dic^H is to 
enclose tho bulb itself os completely as jkis- 
sible with adequate protoettive material. The 
report in question is as follows : 

/ntrod tuition 

The danger of ovor-expoBure to X-rays and radium 
can bo avoided by tho provision of oflhdont pnUH'tion 
and suitable working conditions. 

The known offootn on tho oj)orat<)r to lx* guanhsl 
against are : 

(1) Visible injurittfi to tho HniM>rfioial tisHtieH wlthdi 
may result in permanent damages 

(2) Dorangemonta of mitimal orgmiR and chungivs 
in the blood. Those are espc'clnlly iniportant, iw* 
their early manifestation is often unnH*ogniHt*<i, 

Oemral liecorhmf.nd<t(imA 

It is the duty of those in charge of X-ray and 
Radium Dopartmonte to onsurci efficient pr<»tiH’tiun 
and suitable working conditions for tlu' personiu^L 
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Tlio following precautions aro rooommondod : 

(1) Not more than seven wording hours a day, 

(2) Sundays and two half-days off duty each week, 
to be spent as much as possible out of doors. 

(3) An annual holiday of one month or two 
separate fortnights. 

Sisters and nurses, employed as whole-time workers 
in X-ray and Radium Departments, should not ho 
called upon for any other hospital service. 

Protective Measures 

It cannot be insisted upon too strongly that a 
primary precaution in all X-ray work is to surround 
the X-ray bulb itself as completely os possible with 
adequate protective material, except for an aperture 
as small os possible for the work in hand. 

The protective measures recommended are dealt 
with under the following sections ; 

X-rays for diagnostic purposes. 

II. X-rays for superficial therapy. 

III. X-rays for deep therapy. 

IV. X-rays for industrial and research purposes. 

V. Electrical precautions in X-ray Departments. 

VI, Ventilation of X-ray Departments. 

VII. Itadium therapy. 

It m-ust bo clearly understood that the protective 
measures recommended for those various purposes 
aro not necessarily interchangeable j for instance, to 
uso for deep therapy the measures intended for super- 
ficial therapy would probably subject the worker to 
serious injury. 

I. X'taye for Diagnostic Purposes 

(1) Screen Examinations. — (a) The X-ray bulb 
to bo enclosod as completely as possible with pro- 
tootivo material equivalent to not loss than 2 mm. 
of lead. The material of the diaphragm to be 
equivalent to not less than 2 mm. of load. 

(b) The fluorescent screen to be fitted with lead 
gloss equivalent to not less than 1 mm. of lead 
and to be large enough to oovor the area iirodiatod 
when the diaphragm is opened to its widest. (Practi- 
cal difficulties militate at present against the recom- 
mendation of a greater degree of protection.) 

(c) A travelling protoctivo screen, of material 
equivalent to not less than 2 mm. of load, should 
bo employed between the operator and the X-ray 
box. 

(cf) Protective gloves to bo of lead rubber (or the 
like) equivalent to not loss than ^ mm. of lead and 
to bo lined with leather or other suitable material. 
(As practical difficulties militate at present against 
the recommendation of a greater degree of protection, 
all manipulations during screen examination should 
bo reduced to a minimum.) 

(e) The X-ray bulb to bo used at as great a distance 
and omitting as little radiation as is consistent with 
the olfioionoy of the work in hand. Screen work 
to bo as expeditious as possible. 

(2) Radiographic Examinations Overhead'*' 
Bquipm&nt).^a) The X-ray bulb to bo enclosed as 
eompletcly as possible with protective material 
voquivalent to not loss than 2 mm. of lead. 

(6) The operator to stand behind a protective 
screen of material equivalent to not less than 2 mm. 
of lead. 


11, X-rays for Sitperficial Therapy 

It is difficult to define the lino of demarcation 
between superficial and deep therapy. 

For this reason it is recommended that, in the 
reorganisation of existing or the equipment of now 
X-ray departments, small cubicles should not bo 
adopted, but that tho precautionary measures sug- 
gested for deep therapy should bo followed. 

Tho definition of superficial therapy is considered 
to cover sots of apparatus giving a maximum of 
100,000 volts (16 cm. spark-gap between points; 
6 cm. spark-gap between spheres of diameter 
6 cm.). 

Cuhicle System. — Whore the cubicle system is 
already in existonoe it is recommended that 

(1) Tho cubicle should bo well lighted and 
ventilated, preferably provided with an exhaust 
eleetrio fan in an outside wall or vontilatod shaft. 
Tho controls of tho X-ray apparatus to bo outside 
tho oubiole. 

(2) Tho walls of the cubicle to be of material 
equivalent to not loss than 2 mm. of load. Windows 
to be. of load glass of equivalent thioknoss. 

(3) The X-ray bulb to bo enclosed as completely 
as possible with proteoilvo material equivalent to 
not loss than 2 mm. of load. 

III. X-rays for Deep Therapy 

This section refers to sets of apparatus giving 
voltages above 100,000. 

(1) Small oubioles are not recommended. 

(2) A large, lofty, well ventilated and lighted 
room to be provided 

(3) The X-ray bulb to be enclosed as completely 
as possible with protective material equivalent to 
not loss than 3 mm. of load. 

(4) A separate enclosure to be provided for the 
operator, situated as far as possible from tho X-ray 
bulb. All controls to be within this enclosure, the 
walls and windows of which to bo of material equiva- 
lent to not less than 3 mm. of lead. 

IV. X-rays for Industrial atid Eesearch Purposes 

Tho preceding rocommondations for voltages above 
and below 100,000 will probably apply to the majority 
of conditions under which X-rays aro used for 
industrial and research purposes. 

V. Electrical Prccautiona in X-ray Departments 

Tho following recommendations are made : 

(1) Wooden, cork, or rubber floors should be 
provided ; existing concrete floors should bo covered 
with one of tho above materials. 

(2) Stout metal tubes or rods should, wherever 
possible, bo used instead of wires for conductors. 
Thickly insulated wire is preferable to bare wire. 
Slack or looped wires are to bo avoided. 

(3) All metal parts of tho apparatus and room to 
bo offioiontly earthed. 

(4) AU main and supply switches should be very 
distinctly indicated. Whorovor possible, double- 
polo switches should bo Tised in preference to single- 
polo. Fuses no heavier than necessary for tho 
purpose in hand should bo used. Unemployed 
leads to tho high-tension generator should not bo 
permitted. 
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VI. Ventilaiion of X-ray JDepartminta 

(1) It is strongly recommended that the X-ray 
Department should not be helow the ground level. 

(2) The importance of adequate ventilation in 
both operating and dark rooms is supreme. Artificial 
ventilation is recommended in most cases. With 
very high potentials coronal discharges are difiScnlt 
to avoid, and these produce ozone and nitrous fumes, 
both of which are prejudicial to the operator. Dark 
rooms should be capable of being readily opened 
up to sunshine and fresh air when not in use. The 
walls and oeilings of dark rooms are best painted 
some more cheerful hue than black. 

VII. jRadivm Therapy 

The following protective measures are recom- 
mended for the handling of quantities of radium up 
to one gram : 

(1) In order to avoid injury to the fingers the 
radium, whether in the form of applicators of radium 
salt or in the form of emanation tubes, should be 
always manipulated with forceps or similar instru- 
ments, and it should be carried from place to place 
in long-handled boxes lined on all sides with 1 cm. 
of lead. 

(2) In order to avoid the penetrating rays of radium 
all manipulations should be oanied out as rapidly 
as possible, and the operator should not remain in 
the vicinity of radium for longer than Is necessary. 

The radium when not in use should be stored in an 
enclosure, the waU thickness of which should be 
eq,uivalent to not less than 8 om. of lead. 

(3) In the handling of emanation all manipulations 
should, as far as possible, be carried out during its 
relatively inactive state. In manipulations where 
emanation is likely to come into direct contact with 
the fingers thin rubber gloves should be worn. The 
escape of emanation should be very carefully guarded 
•against, and the room in which it is prepared should 
be provided with an exhaust electric fan. 

JExiating Facilities for eTmiring Safety of Ojperaiors 

The governing hodies of many institutions where 
radiological work is carried on may wish to have 
further guarantees of the general safety of the 
conditions under which their peisonnol work. 

(1) Although the Committee believe that an 
adequate degree of safety would result if the reHJom- 
mendations now put forward wexe acted upon, they 
would point out that this is entirely dependent upon 
the loyal co-operation of the personnel in follow- 
ing the precautionary measures outlined for their 
benefit. 

(2) The Committee would also point out that the 
Natioual Physical Laboratory, Teddington, is pre- 
pared to carry out exact measurements upon X-ray 
protective materials and to arrange for periodic 
inspection of emsimg installations on the lines of 
the present recommendations. 

(3) Further, in view of the varying susceptibilities 
of workers to radiation, the Committee recommend 
that wherever possible periodic tests, e.g. every three 
months, be made upon the blood of the personnel, so 
that any changes which occur may be recognised 
at an early stage. In the present state of our know- 
ledge it is difficult to decide when small variations 
from the normal blood-count become significant. 


VI. X-EAYS AND MaTEEIALS 

In -wellnigh every branch of industry the 
testing of materials has come to be of import- 
ance. With increasing knowledge and the 
stress of competition, a variety of testing 
methods have been evolved to ascertain 
quality and uniformity as determined by the 
several physical, chemical, and visual charac- 
teristics. Such tests are commonly conducted 
on samples which are selected to bo as ropre- 
sentative as possible. From the nature of 
things the value of the results is limited, and 
the engineer in particular is ever on the look- 
out for opportunities for further insight into 
the materials he employs. 

The employment of X-rays in the examina- 
tion of materials lies at present in two main 
directions : 

(1) X-ray crystallography or the study of 
crystal structure. 

(2) Badiography or X-ray shadow photo- 
graphy. 

§(32) X-RAY CEYSTALLOGEAEHy. — ^We oan 
only r^er to the great potentialities of the 
results of X-ray analysis as applied to crystal 
structure.^ It is a matter of groat satisfaction 
to Englishmen to know how much tho subject 
owes to Sir Wm. Bragg and his son, whoso 
published work on the subject is of the highest 
fascinatioa and importance. Several methods 
have been employed. In 1912 Laue at Munich 
sent a heterogeneous beam of X-rays through 
a thin crystal and photographically showed 
that a diffraction pattern was produced. The 
Braggs followed with tho X-ray spootrometor 
in which monochromatic X-rays are rofiooted 
from the several faces of a crystal, and by 
that means proceeded to disclose tho atomic 
architecture of a large number of crystals. 

The practical possibilities were greatly en- 
larged when Debye and Schorrer (at Zurich) 
and Hull (at the G.E.C. Besearoh Laboratory, 
Schenectady) showed that large crystals were 
not essential, but that tho method could bo 
applied to an aggregate of finely powdered 
crystalline material, provided the orientation 
of the crystals were sufficiently random. This 
was a big step forward, for it enables the 
crystalline structure of a body to be examined 
even when the individual crystals are mioro- 
scopic or ultra-miorosoopie in size. Wo now 
know that almost every solid substance 
betrays crystalline structure, and it would 
seem that the various physical properties — 
elasticity, hardness, melting points, etc. — are 
all manifestations of tho various atomic forces 
which reveal themselves in the crystalline 
form. The very formation of solids may bo 
merely an outward and visible sign of crystal- 
lisation, and a definition of a “ solid ” may be 
so derived which is, at any rate, as adequate os 
^ See also “Crystallography,’' § (XI). 
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others which have boon framed. Not only the 
growth but the decay, the change-points, etc., 
can all be followed and watched without 
harming the body in any way. 

We have thus a new tool of research which, 
although at present rather delicate and tenta- 
tive in application, would seem to offer bound- 
less possibilities. The metallurgist, to whom 
crystalline formation moans so much, need no 
longer have to content himself with inferring 
from thoir external forms what the internal 
structure of the crystals in his metals and 
alloys may be. He may also find that the 
method will throw light on the fundamental 
nature of the effect of heat treatment, temper- 
ing, rolling and ageing on steels and other 
crystalline metals and alloys. It has been 
shown that amorphous carbon really consists of 
minute graphite crystals ; colloidal gold and 
silver are made up of minute, yet perfect, 
crystals, so small that they contain only a few 
score atoms. Even the particles “ sputtered ” 
from a cathode in a discharge tube are possible 
of examination and are found to be crystalline. 

These are but a few of many examples. 
There is a great opportuiiity for the metallur- 
gist and physicist to get together. At present 
the main difficulties are those of technique. 
Monochromatic X-rays have to be used, and as 
these can be obtained only of feeble intensity, 
protracted exposures have hitherto been 
necessary, though these can now be greatly 
shortened by the use of more sensitive plates. 

§ (J13) Industrial Radiography, — As was 
anticipated by ROntgen and others, when the 
art of radiography liad sufficiently advanced 
in medicine it extended its scope to industry. 
As already remarked, the method of X-ray 
inspection has the advantage of not injuring 
a body in any way. Furthermore, it provides 
in many oases the only means of detecting 
concealed defects in a material, or of scrutin- 
ising in a structure the accuracy of assembly 
of component parts which are hidden from view. 

The development of industrial radiology has 
been bound up with that of the Coolidge tube, 
and, both during and since tbe war, the X-rays 
have been applied to a variety of branches of 
industry. As already explained, the method 
depends on receiving the shadow of the object 
on a fluorescent screen or photographic plate, 
and it Should be made clear at the outset that 
a radiograph shows only the gross structure of 
a material and gives no information as to^ the 
crystalline or microscopic structure from point 
to point. 

While the general technique is much the 
same as in medicine, mention should be made 
of one of the chief experimental precautions 
in the X-ray photography of metals. Even in 
medical radiography the experienced worker 
is well aware of the effect of the scattered 
radiation which is generated whenever a beam 


of X-rays strikes any particle of matter. Such 
scattered radiation, if allowed to reach the 
photographic plate, tends to fog the main 
image. The various surfaces of the bodies 
encountered are the chief offenders, and even 
the air contributes its quotum. 

The effect is especially marked with metallic 
objects which require relatively long exposures; 
worthless results will bo obtained in the absence 
of suitable precautions. These consist in 
enveloping the photographic plate, back and 
front, with sheet lead (preferably with an inner 
lining of aluminium), a hole being left no 
bigger than necessary for the reception of the 
direct image of the object. If the object is 
continuous and flat there is no difficulty, for 
it can be brought into close contact with the 
plate. If, however, the body is irregular in 
contour, it may conveniently be cemented 
with paraffin wax to the bottom of a card- 
board or aluminium tray, and mercury, fine 
lead shot, or the like poured round it. Wax 
filling is also necessary, both to fill up any 
pockets or cavities and to prevent the mercury 
or shot from straying into the path of the 
projected image. 

Considerable gain may result from the use 
of the Bucky grid between the object and the 
plate. This consists of a rectangular metal 
grid, the faces being spherical in contour and 
the dividing cell -walls of the grid everywhere 
radial. The grid, while allowing direct X-rays 
from the focus to pass, kills the majority of 
the scattered radiation. The grid is kept in 
slight motion to prevent its being registered 
on the photograph. Still greater freedom 
from the effects of secondary radiation may 
be obtained by using specially sensitive plates 
and so shortening the exposure. 

Naturally the orientation of the object with 
reference to the beam of X-rays may make or 
mar a radiograph. Distortion may be reduced 
by avoiding undue obliquity of the rays, and 
to this end it is wise to keep the distance 
between the object and bulb as great as is 
expedient. For good definition the rays should 
be stopped down as much as possible. 

The present practicable depths which can 
be penetrated in various materials are : 

4 to 5 mm. of lead. 

12 mm. of tin, 

7-6 cm. of steel (carbon) or iron. 

10 to 15 cm. of aluminium and its alloys. 

30 to 40 cm. of wood. 

The limiting factor in practice is the exposure, 
which hitherto has been very protracted with 
the greater thicknesses. However, with the 
latest type of X-ray plate the exposures are 
greatly reduced, and 1 inch of steel, for 
example, now requires an exposure of rather less 
than a minute, using a voltage of about 130,000 
and a few milliamperes through the tube. 
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WitMn the above limits wq can, with con- 
siderable delicacy, hunt out anything which is 
so disposed as to cast a measurable variation 
in the shadow, provided the body is not too 
complicated in design to render the shadow 
too confusing to interpret. The method is 
surprisingly sensitive ; for example, tool-marks 
and fine mould-marks often show up in a 


radiograph. The opacity is merely a measure 
of the number and weight of the atoms 
encountered, and so different qualities of a 
metal possessing different densities display 
different intensities in a radiograph ; for 
example, a wrought rivet in a casting of the 
same metal shows a darker imago. For the 
same reason, equal thicknesses of carbon, 
nickel, and tungsten steels differ markedly in 
transparency, a property whioh has been 
turned to account. 

Electric and oxy-aoetylene welding have 
come into great prominence during and since 
the war ; an indifferent welder can turn out 
what appears on the surface to be an excellent 
weld, but is quite an unreliable job notwith- 
standing. There appears to be no adequate 
meohanical test for a weld, and in any event 
any such test, whether mechanical or micro- 
scopical, destroys the weld, good or bad. The 
X-rays promise to be of great use in this 
conpeotion. If the component parts arc not 
actually fused together a narrow dividing line 
comes out on the plate. Blisters and blow- 
holes show up as light spots. X-ray photo- 
graphy of welds up to 1 inch thick is now 
quick, easy, and certain: with modern equip- 
ment, lengths up to 2 feet can be taken at 
onoe, the exposure being a fraction of a minute. 
The amount of detail revealed is extraordinary, 
and the process compares favourably with that 
of photomicrography, whioh is only very local 
in its test and, as already remarked, involves 
the destruction of the weld. The X-ray 
method has proved to be a somewhat severe 
critic of present-day welds as commonly 
carried out (I'iff. 19). 

Hidden cracks in a metal, which are a 
bugbear to metallurgists, can often be detected, 
though if they are very fine or tortuous (hair 


cracks) the method is rarely suitable. Such 
cracks are sometimes the sequel to “ pipes ” 
or blowholes in the ingot, and it is easier to 
detect them in the ingot than after working. 

In the case of alloys, the uneven distribution 
of any component results in a “ patchy ” or 
streaky radiograph. X-ray examination will 
often diagnose defective soldoring or brazing, 
the substitution of one metal by 
another, hidden stopping or pinning, 
and so on. The method has also 
found applicati()n in detecting hidden 
corrosion (as in gas cylinders, in 
forro-concrcte, and tho armouring of 
cables), in scrutinising steel turbine 
discs for segregations, etc., and 
so on. 

Naturally enough, tho X - rays 
found a great opening, during the 
war, in the manufacture of ex- 
plosives and related dcvict^s. In 
some instances, e.ff. the correct 
filling of liquid-gas grenades, tho 
examination of ojiaque cordite, tho interior 
detail of detonators, Stokes igniters, vont- 
sealing tubes and other pyrotechnic stores, 
no other method of inspection was possible. 
The X-rays also proved of value in examining 
enemy ammunition of unknown design, whore, 
for reasons of safety, it was desirable to 



Pig. 20.— Btidioffraph of Lead Letters HI) taken 
throuffh a Hto(a Slal> 3'^ in tWekness. (lUdlo- 
logical Laboratory, Kesear<!h T)('partment, Boyal 
Arsenal, Woolwich.) 

ascertain tho internal construction before 
opening up. They have also proved useful 
in checking the contents of packing boxes. 
Most of this work was carried out by the 
Besearoh Department at the Royal Arsenal, 
Woolwich, and tho Editor is indebted to the 
Department for Fiffs. 20-23, illustrating some 
of the results arrived at. 




PiQ. 19.-- Defective Weld in Steel Plates. 
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Fig. 21. — ^Radiograph showing Hidden Grades in 1" BoUor Plate. 
(Radiological Laboratory, Research Department, Royal Arsenal, Woolwich.) 



Fig. 22. — ^Radiograph showing Faulty Weld in Steel 
Plato in thickness. (Radiological Laboratory, 
Research Department, Royal Arsenal, Woolwich.) 


Fig. 2S.— Radiograph showing Hidden Oracle In 
Welded Steel Plate in thickness. (Radio- 
logical Laboratory, Research Department, Royal 
Arsenal, Woolwich.) 
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In. the case of timber, the different varieties 
absorb X-rays to different degrees. Peculiari- 
ties in the structure and path of the fibres 
(such as the contortions which produce 
“figure”) are easily discerned. The denser 
heart wood is differentiated from the sap 
•wood, the summer and spring growths of the 
annual rings are readily identified {Fig. 24), 



Eig. 24, — Perfect Specimen of Aeroplane Spruce, 


and defects such as knots or grub-holes show 
up with astonishing clearness {Fig. 25). 

A method of utilising the X-rays to examine 



Fig, 25. — Concealed Knots and Grub-hole in 
Laminated ISpar. 


the wooden parts of aircraft was developed on 
behalf of the Air Ministry during the war. At 
a time when the submarine was seriously 
endangering the country’s supplies of high- 
grade timber from Canada and the States. 


designs for building up aeroplane parts from 
smaller timber were developed, using laminated 
or “ box ” structures. The workmanship 



Fig. 20.— Defective Hluij)in« of Knd Dlock of 
Box” Spar; also Block )Si)Ut by Sen^ws. 

required has to be of tho iinoflt, and much of 
it is hidden of necessity, but the inspector 
now has a powerful ally in tho X-rays, which 
unerringly reveal ludden faults such m knots, 
large resin -pockets, defective gluing, and i)(>or 
workmanship {Figs. 26, 27, 28). Wood is 



Fig. 27.— Aeroplane (Box) Spar showing forbidden 
Joint in Idywood Si<lo. 


very transparent to X-rays, and thicknessos 
up to 18 inches or more can bo dealt with, 
screen examination being p()SHil)lo in most 
cases. The method is also useful for watch- 
ing the behaviour of tho various hidden 
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members and joints of a composite wooden 
structure while it is being subjected to test. 



ITIG. 28. — Defective Bottoming ’’ of Aeroplane 
Strut in Aluminium Socket. 


X-rays are also being turned to account by 
the tyre manufacturer in his efforts to improve 
the union between the rubber and the Egyptian 
cotton fabric. In the manufacture of golf balls, 
fine rubber tape is wound on a round core 
either of soft rubber or liquid. If care is not 
taken the core is distorted, becoming either 
roughly ellipsoidal or even dumb-bell shaped. 
The resulting ball is defective from the point 
of view of accurate flight, but such balls can 
be readily sorted out by the help of the X-rays. 
The method is now in extensive use, no other 
being readily available (Fig. 29). The Rost 
Office has long used the rays for testing the 
amount of mineral matter in gutta-percha. 

The help of the X-rays has also been 
effectively sought by bhe manufacturer of 
carbon and graphite brushes and electrodes, 
to reveal mineral matter and internal cracks 
and flaws. The makers of electrical insulators 
— ebonite, built-up mica, fibre, paper, etc. — 
find the method invaluable for detecting the 
presence of metallic particles, often from the 
steel rollers used in the preparation of the 
material. 

The manufacture of optical glass became a 
key industry during the war, as hitherto we 
had relied wholly on Germany for our supplies. 


One of the greatest troubles which Was 
encountered was the destructive action of the 
molten glass on the fire-clay pot, in which the 
components were fused. It was found that 
the effect was caused by the presence of iron 
and other impurities in the clay. Recourse 
was had to the X-rays, and it was found that 
on examining the pots before they were fired, 
those containing prejudicial foreign matter 
could readily he sorted out. In this way much 
expense can be saved. The “ melt ” of optical 
glass can also be examined for inclusions befo^^ 
working. 

X-ray photographs are useful for displaying 
the arrangement of concealed wiring, for 
example, when embedded in the interior of 
insulating panels or in radio apparatus. In 
much the same way, during the war, the 
X-rays were useful in scrutinising the wiring 
within the leather of aeroplane pilots* electric- 
ally heated clothing. 

A similar field of work which the X-rays 
have found is the examination of the interior 
of moulded articles, for example, the distri- 
butors of magnetos. During construction 
the insulation is moulded round - the metal 
work, and subsequently machined. If, during 
the machining, blowholes are met "with, the 
entire distributor has to be rejected. 

Among the miscellaneous uses of the X-rays 
we can only make mention of the examination 
of oysters for pearls ; the differentiation, of lead 



Pig. 29.— Golf Balls showing TJnsymmetrical Cores. 


glass jewels from the more transparent genuine 
gems ; the scrutiny of artificial teeth ; the 
detection of contraband by the customs 
officials ; the sorting of fresh from^ stale eggs ; 
the detection of heavy elements in minerals, 
of metal particles in chocolate, of weevils m 
grain, of mineral adulterants in certain 
powdered drugs {e.g. asafoetida), and of moths 
in tobacco for cigars. 
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In quite a different direction, an enterprising 
American shoe store has installed a screen 
outfit, so that the potential customer can see 
his “ footigraph ” and satisfy himself visually 
T^hether or not the shoe he is trying on is a 
good fit. 

The application of the cinematograph 
principle to X-ray photography offers wide 
possibilities. 

We can only refer to the more academic 
applications of the X-rays by the conchologist 
to examine the interior of shells and fossils, 
mthout in any way spoiling a rare specimen. 
These have valuable educational possibilities. 

The use of the X-rays for revealing the 
interior of plant life is comparatively recent. 
Considerable differences exist in the mineral 
content and density, and hence the trans- 
parency of the different parts of a plant — 
root, stem, leaf, flower, fruit, seed, etc. — and 
thus it happens that ©ven the most delicate 
structures of plants can be laid bare without 
tearing the plant to pieces in order to study it. 
Microscopic detail is of course not revealed. 
Long- waved X-rays are required for such work. 

§ (34) X-EAYS AND Old Masters.— The 
first artistic oil-painting of which there is any 
record was executed in the year 1399 by 
Hubert van Eyck, a Dutchman, and from 
then up -to the early Italian and Flemish 
school, painters had possibly only eight or 
nine pigments, mostly mineral in origin. 
To-day there are over 200 in use, many of 
them vegetable or coal-tar in origin. 

As is well known, the imitating of valuable 
pictures has always enjoyed a great vogue, 
and there are thousands of spurious paintings 
in existence — copies of both late and modem 
masters — which have been passed as genuine 
and sold for outstanding amounts. For 
example, so far as is known, Rembrandt 
painted some 700 pictures, yet Maximilian 
Tooh estimates there are fully 4000-6000 in 
existence, all of which are regarded as genuine 
and have commanded great prices. Again it 
would have been absolutely impossible for any 
human being to have painted all the Rubenses 
that there are in existence. The remark is 
probably true of every great painter. 

There are various scientific methods of 
determining the originality and age of 
paintings. Photomicrography is of great help ; 
for example, in the case of a panel of a 
picture 300 years old the protoplasm in the 
cells of the wood has entirely dried out, 
a feature distinct from a modem panel. 
Chemical analysis of tiny detached fragments 
often throws light on the subject ; for instance 
zinc white (zinc oxide) was not known 300 
years ago, and the Flemish painters used 
flake white (white lead). Again bitumen, at 
first transparent, gradually becomes opaque 
and insoluble with the passage of time. 


But not only pictures, but nil works of art, 
are imitated in tho Hamo way. b'uniiturc, 
pottery, bronzes, old weapons an<l bniHs work 
are so completely simulated that, ox|H‘rtH an^ 
frequently baffled. Whoraion furniture is a 
familiar exatnplo. Wo know that Slieraton 
had a little sliop and did mo.st of his work 
himself with only o(;oasional ludp from a few 
expert artisans. Tho amount of Sheraton 
furniture in oxistonco would indieafe that 
Sheraton had a fa(dory of H<weral ncros 
employing a tlumsand men who w^Te lifehmg 
supporters of mass production. 

It wotild appear that tho X-rays may 
usefully bo called in, in e(*rfaiu eaw‘s, as a 
supplementary rnctluxl of scTutiny for the 
export. A start has b(*en ina<l<' with piettires, 
as wo shall now proceed to Rh<»w. 

In any picture wo havc^ to ('onsidor 
media, (1) tho surface which is painted cm — 
usually canvas or wood, though pafKm, 
porcelain, or other materiulH may UH<‘d ; 
(2) the priming or sizing" * nowadays ahnoHt 
always white lead, thougli foriiU'Hy cuirhonate 
of lime and glue wc^re employed ; (3) the 
actual i)igm(mts. 

Both wood and canvas arc' v(*ry traiispanuit 
to tho X-rays, though different kinds <kf c^anvus 
vary a good deal. The whiter kmd primer is 
much more opacpio than (tarhonate of liims and 
tho former, moreover, pencdratc's mneh fartlu^r 
into the interstice's of tlu‘ (mnvas. '“rhis In 
itself is auffieicnt to show a marked differentte 
under tho X-rays between rnodemn and older 
pictures. 

As to pigments, they vary gwvvtly in X-ray 
opacity from tho opaqtu' salts of k»ad, /.ine, 
and mercury to the transparemt- aniline 
derivatives and hitumc'n. Both modern and 
ancient whites am usually opmjue, mttst of 
tho blacks (now or okl) an' trnnHpim*rd, mui 
modem rods are more trnnspaivnt than the 
old reds. But, as aln'ady numirked, most nf 
tho earliest pigments an' mim'nd in (trigin nn<i 
opaque. 

In a modern picture- the Hi/.ing is very 
commonly more opacpie than the pigmenta, 
and X-ray examination is, fttr that reason, 
usually inconclusivt'. But fortunately in the 
pictures of the old mast^'rs t he n*verH(' cfiu* 
ditions hold, and thus it is that with a little 
experience tho X-rays (*an Ix' ('mployed imtat 
usefully as a means of identifying a modern 
fake, or detecting alterations t-o an okl pietuiy*. 
It is a praetic'al certainty that, howev<'r skil- 
fully tho process has Ix'en earned mat. the 
several materials used' whether t*nnvas, prim- 
ing, or pigment — will diff(*r fnun those in the 
original painting and will, in cnnscrpience, l>e 
differentiated in the racliograph. 

Notable work on tliis subject has l»een 
carried out by Dr. Hoilhron of Amstenlnrii 
and, more recently, by Dr. OhM»n of Faria. 
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Among the sixteonth century i)aintings exam- 
ined by the former was the “ Crucifixion ” by 
Comelis Engelbreohtsen, which contained in 
the right foreground the portrait of a woman 
which it was suspected was that of a former 
“ donatrice,” who (after a fashion not unknown 
in those days) had thus sought to perpetuate 
her association with the picture. A radiograph 
of the painting showed many “ restorations,” 
especially on the right half, and beneath the 
portrait of the donatrice was revealed the 
picture of a monk in surplice and stole, the 
head being smaller than that of the over- 
painted lady. The evidence was so clear that 
the picture was sent to be restored at the 
Rijks-museum in Amsterdam, the result being 
to bring to light once more the monk who had 
been hidden for 400 years. 

Among the other paintings examined by 
Heilbron was a panel of the “ Madonna ” by 
Geertgen van St. Jans (c. 1500) which had 
always excited comment because of the 
apparently stiff and unnatural position of the 
amis. The radiograph showed that the 
presence of the Child in the arms of the 
Madonna fully explained their attitude. St. 
Jans is known to have painted his children 
disproportionately small, and the presumption 
is that this defect was the cause of some 
former owner having the Child painted out. 

Other examples of Heilbron’s work include 
a panel by Be Meester van AUmaar, where 
the portrait of a lady (again supposed to be 
the donatrice) is found to be painted over the 
original figures. There is some chance that 
the panel will be restored to its original state. 
A radiograph of a panel by van Dyk, repre- 
senting a waterfall, a knight with a horse, 
dogs, etc., shows that the artist originally 
painted a much bigger waterfall, the current 
of water appearing to pass through the animals. 
We are led to infer that the painting is an 
original and not a copy, for only in the case 
of the original can we trace such alterations 
in the ideas of the artist. 

Dr, Ch4ron X-rayed a Memish panel 
attributed to van Ostade and showing a party 
of country dancers and revellers. The radio- 
graph revealed only a farmyard scene con- 
taining peacocks, ducks, and chickens. The 
supposed van Ostade is almost certainly 
modem, since practically all its colours are 
transparent to the rays. The farmyard picture 
is apparently old, since the sizing is not opaque. 

Another picture of the French school of the 
fifteenth century which was examined by 
Ch6ron was that of the Royal Infant at Phayer 
hanging in the Louvre. The black back- 
ground was found to mask a badly deteriorated 
original background — confirming documentary 
evidence to that effect. 

The X-rays may find another field in the 
examination of palimpsests and ancient manu- 


scripts which, hitherto regarded as carrying 
only their face value, may boar under the 
trivial inscriptions of mediaeval times older 
matter of priceless worth. Again it is well 
known that before millboard came into general 
use for book covers (about the middle of the 
sixteenth century), binders were accustomed 
to make them up from such loose pages as 
came to hand. Many discoveries of rare and 
valuable MSS. have been made when the bind- 
ings of old volumes have happened to fall to 
pieces. The X-rays may have useful applica- 
tion here. 

As regards antique furniture and the like, it 
is not improbable that examination of con- 
structional or other detail, which cannot other- 
wise bo viewed except by destroying the article, 
would suffice to reveal in a fake craftsmanship 
out of tune with the reputed period. 

§ (35) Ftjtuee Developments op In- 
ntrsTRiAL Radiology. — Our ideal should bo 
to make the taking of an X-ray photograph as 
easy as that of light. The present limitations 
of radiomotall(3graphy are largely those pre- 
scribed by equipment and technique. Con- 
siderable improvements will have to come if 
the subject is to extend its scope and become 
an attractive commercial proposition in heavy 
engineering. If groat thicknesses are to be 
tackled, means will have to be found so that 
exposures are not intolerably long. There 
appear to be two means to this end — (a) by 
using much heavier X-ray outputs, at much 
higher voltages, or (6) by using much more 
sensitive screens, plates, or other detectors. 

Wo have already considered the probable 
dovolopinontB of tho high-potential generator, 
and, as we should anticipate, all experience 
agrees in demanding higher and higher voltages 
for work with metals. The ordinary Coolidge 
tube will, however, take no more than 180,000 
volts, preferably loss. This can be increased 
to 300,000 by lengthening tho arms of the tube 
and completely immersing it in oil. If there 
is a demand for it, tho oloctrical engineer will 
doubtless ovoroomo tho difficulties in the way 
of supplying half a million or more volts. 
Such transformers have already boon made 
for other purposes, but their bulk, weight, and 
cost are formidable. For example, a single- 
phase transformer giving a peak voltage of one 
million occupies a floor space of 13 ft. x 8 ft., 
is 15 ft. high, has terminals 28 ft. high, weighs 
20 tons, and costs about £10,000. With such 
voltages both transformer and tube will doubt- 
less be cohtained in a common oil tank, thus 
reducing the danger and the considerable losses 
by brush discharge. 

Heavier discharges will demand more 
elaborate cooling arrangements, and probablj 
glass X - ray tubes will not stand up tc 
the work. Wo may have to turn to meta 
tubes radically different in design, capable o* 
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absorbing 60 h.p. or more. Furthermore, we 
shall haTe to improve the deplorable efficiency 
of the whole outfit. 

It may be mentioned that some of the 7- 
rays of radium are far more penetrating than 
the hardest X-rays we can produce at present 
(being equivalent to X-rays excited by about 
two million volts), but unfortunately the 
intensity is so weak (not more than a few 
per cent of that from a good bulb) that 
exposures are intolerably protracted. 

As regards fluorescent screens and photo- 
graphic plates, great improvements are called 
for. No screen at present available is sensitive 
enough for thicknesses exceeding about inch 
steel, and only then with difficulty. Photo- 
graphy must be resorted to in such cases, and 
the time taken over the process may then 
become prohibitive, at any rate for routine 
“ mass inspection.” 

A photographic plate registers only about 
1 per cent of the X-rays passing through it. 
Progress has mainly consisted in thickening 
the emulsion or richly loading it either with 
more silver or with heavier metals. Exposures 
may be shortened either by backing up the 
emulsion with a sheet of a heavy metal, such 
as lead, or more appreciably by the use of an 
intensifying screen, containing a fluorescing 
salt, such as calcium tungstate. All X-ray 
plates are much more sensitive to visible rays 
than to X-rays, but such screens, which are 
more efficacious with “ hard ” rays than 
“ soft,” are apt to impair the detail in certain 
classes of work owing to “grain.” It is 
important to have the closest contact between 
the screen and the emulsion. This is secured 
in the new “ Impex ” plate, in which the 
fluorescing salt is contained in a superimposed 
gelatine film which is dissolved off before the 
plate is developed. Such plates reduce the 
exposure as much as thirty times with very 
hard rays, though the efficiency is much less 
with longer waves. 

Another real advance in X-ray photography 
has proved to be the duplitized film, i.e. a film 
coated with emulsion on both sides of the 
celluloid. A ** pile ” of several of these sand- 
wiched with thin fluorescent screens, gives a 
very sensitive detector. 

The ionisation method of detecting the X- 
rays offers great promise, for it can be made 
more sensitive than any photographic method 
at present available. An explorer built on 
these lines and of convenient design would 
have corresponding advantages. 

To conclude, the subject of industrial radio- 
logy is young and, although progress has been 
rapid, we must in all fairness be careful not to 
claim too much for it. From such experience 
as we have had, it does appear, however, that 
the method is settling down to be a valuable 
laboratory tool, supplementing those which 


are already available for testing materials. 
Incidentally the existence of the method is not 
without its moral effect on the personnel, as 
regards standard of workmanshij). 

0. w. K. 

Radiometer : an instrument for invowtigation 
of the infra-red spectrum ; a niodiiic^atkm 
of the instrument, devised by Orookes, in 
which mica vanes, a<sonratcly mounted on a 
central spindle in vacuo, rotate w'hen placed 
in the path of radiant energy. Roe “ Wave- 
lengths, The Moasuroment of,” jf (7). 

Radiometry: the measurement of radiant 
energy or radiant power. See “ Spectro- 
photometry,” § (2). 

Radio-miorombter ; an instrument for in- 
vestigation of the infra-red spectrum * a 
type of galvanometer in whi(‘h the curnmt 
is generated by radiation falling on the 
junction of a thermo(^ouj)Ie. Roe “ Wave- 
lengths, The Measurement of,” 1} (7). 

Radiothbrary : X-ray treatment of malig- 
nant disease. See “ Radiology,” § (1^0), 


RADIUM 

§.(1) OisoovERY. — Raciiun) w?w» discovered by 
M. and Mmo Curie shortly after the property 
of radioactivity of uranium (compounds had 
been discovered by Henri Boitquend in I80(h 
From observations of the activity of differ- 
ent compounds of uranium, Mmo (’uric had 
concluded that the radioactivity (»f uranium 
was an atomic property; that is, the total 
radiation emitted by a compound was proper- 
'tional to the amount of uranium present, 
irrespective of the othf*r inactive elements 
with which it was held in ehemioal combination. 
When, however, a number of uranium minerals 
were examined it w’as found that some spwii- 
mens of pitch Idonde, notably those from 
Austrian mines, showed much greater activity 
than the metal tiranium itself. It was sus- 
pected that this abnormal nelivity was due to 
the presence of small quantities of an unknown 
element or elements of a<d.ivity gn^atly 
exceeding that of uranium. With the object 
of testing this conclusion, M. and Mnje Curie 
undertook careful analyses of some of the 
uranium minerals, and their work result, (‘d 
in the discovery of two new radioactive 
elements, namely polonium and radium, the 
activity of the latter being several million 
times that of an equal weight of uranium.^ 

§ (2) OooTTRRENOE. — Tho two principal 
commercial ores of radium are pitchblende 
and camotite. Pitchblende has no definite 
composition and is a very complex minernl. 
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It contains in varying quantities nearly all 
the known metals, but it is rich in the oxides 
of uranium. Oamotite lias a more definite 
composition, being a potassium uranyl vana- 
date (K2O, 2UO3, SHjiO) containing 

small quantities of barium and calcium. Of less 
importance are autunitc, a hydrated calcium 
uranium pliosjihato [0a(UOa)2(PO4)28H2Ol 
and torliornite, a hydrated copper uranium 
phosphate [0u(U02)2P2O8> 

Pitchblende deposits are found at St. 
Joachimsthal, Bohemia ; at Johanngeorgen- 
stadt, Saxony ; in Comw^all, England ; in 
North Carolina and Connecticut, U.S.A. The 
mines of St Joachimsthal have boon worked 
for the last twenty-five years for uninium ; 
previously they were worked for bismuth and 
cobalt, and before that for silver. The veins 
show that deposition occurred in three periods ; 
the cobalt and nickel deposited first, then 
the uranium, and afterwards the silver. 
Dolomite spar is always present and generally 
has a white or yellowish-white colour, but 
changes to brownish red where pitchblende 
begins to aj)i)ear, and is a dirty grey 
whore it is actually in contact with the ore. 
The veins in the Saxony mines rosomblo 
those at Joachimsthal, the pitchblende occur- 
ring in the spar in 2 to 3 in. in 

diameter. In (lomwall also the mineral 
pitchblende is associated with nicskcl and 
cobalt veins, although hero only x)art of the 
veins are highly argentiferous. In the United 
States there are five mines that have produced 
pitchblende in quantity, and of those the 
Kirk mine is probably the most important. 
During the last twelve years about 20 tons 
of ore with an average content of 35 per cent 
UaOg, and over 100 tons with a content of 3 
to 4 per oont UjOj, have been mined. The 
other mines produce lower grade ores in some 
quantity. Pitchblende has been found in 
small quantities, but of very high q\mlity, in 
East Africa, and rcccmtly considerable amounts 
of an exceedingly rich uraninitc have been 
fouml in India. 

(^anu)t-itc (lci)oHifH are f(nind mainly in 
Dolores, Sun Migu<‘l and Montrose counties, 
Colorado, and Utah, and ext<uid over a belt 
about 00 tnil<‘H long by 20 miles wide. The 
most usual ore is a sandstoue so impregnated 
with yellow (‘amotiU'i that the colour is 
de<ndedly noticeable and contains pockets 
of brown sandclay. The deposits are invari- 
ably in p(utketH, many of whi<rh, liowiwer, are of 
consid<^rable size. A survey of the camotiie 
fields, (uirried out by the Bureau of Mines in 
1012, revealed the fact that the <iamotito 
deposits of (Colorado and Utah constituted 
by far the largest source of radium -lM*aring 
or(»s in the world.* It is <‘Htimat(,‘d that these 

* H. B. Moore and Karl 0. Xithll, U.H.A. Bureau 
of Mines, HuU., 1013, No. 70. 


deposits should bo capable of yielding at least 
600 grammes of radium element. During the 
period from 1913 to 1919 the Standard Chem- 
ical Company, Pittsburg, Pa., alone produced 
50*8 grammes of radium element from this 
ore.® Camotito is also found at Olary, South 
Australia, but this variety, being mixed with 
ilmcnitc, is very different from the American 
camotite. Autunito is found in commercial 
quantities in Portugal in the district between 
Guarda and Sahugal. It is occasionally 
ffmncl in very pure condition, but for tlio 
most i)art as a very low grade ore, bearing 
from 0-5 to 1 i)er cent of UsOg. It is also 
found together with torbemito near Famia in 
South Austnilia. 

All common rocks and minerals of the 
earth’s crust contain minute amounts of 
radium (of the order of 10"^® gramme of 
radium jku' gramme of rock). The atmospliero 
also contains radumi in the fortn of emanation. 

§ (3) Extractiok and Sepauation op 
Kadiitm prom Radioactive Ores. — The chief 
ore employed in the pr(q)aration of radium 
in the early stagers of radioactivity was 
pitchblende. The following account of the 
extraction of radium from J>itchblendo is 
given by Mine (kirie.® The crushed ore is 
roasted with sodium (‘arbonato, and the 
resulting material waslicd first with warm 
water and then with dilute sulphuric acid. 
The solution contains the uranium, whilst 
the insoluble residue contains all the radium. 
'J'his residue chiefly contains the sulphates 
of lead and calcium, silica, alumina, and ferric 
oxide. In addition, nearly all the metals are 
found in greater or smaller amount (copper, 
bismuth, zinc, cobalt, manganese, nickel, 
vanadium, antimony, thallium, rare earths, 
niobhim, tantalum, arsenic, barium, etc.). 
Radium is found in this mixture as sulphate 
an<l is the lt*ast solubk^ sulphates in it. In 
order to dissolve it, it is neoesHnry to remove 
the sulphuric acid as far as posHiblc. To do 
this, tlut n^sidue is boiled with concentrated 
Bo<la solution. 1’hc Bulphuric acid combined 
with the lead, ahiminiimi, and (calcium ptisses 
into solution as Hulj)hate of sodium, which is 
removed by repeattxl washing with waU^r. 
The alkaline solutitm removos at the same 
time lead, silu^on, and aluminium. The in- 
soluble portion is well washed and treated 
with f>rdinary hydrochloric acid, which 
comploU^ly disintegrates the material and 
dissolves moat of it. The ra<lium remains in 
the insoluble portion. This is well washed 
with water and again treated with boiling 
eoneentrated solution of sodium carbonate. 
Tins oiH^ration completes the transformation 
of the Huli)hatc^s of barium and radium into 

» A’r^irr, 1910, xUx.227. 

■ Translation of Thesis for Doctorate, Chm. News^ 
190U, p, IIH. 
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carbonates. The solid is filtered off, -washed 
with sodium carbonate solution and then 
with water, and dissolved in HCl quite free 
from H 2 SO 4 . The filtered chloride solution 
is treated with sulphuric acid to precipitate 
radium and barium sulphates which are 
contaminated -with traces of lead, iron, and 
calcium sulphates. The crude sulphates thus 
obtained have an activity from thirty to sixty 
times as great as that of metallic uranium. To 
purify the sulphates they are boiled -with 
sodium carbonate and transformed into the 
chlorides. The solution is treated with sul- 
phuretted hydrogen, which gives a quantity 
of active sulphides containing polonium. 
This precipitate is removed by filtering, and 
the remaining solution oxidised by means of 
chlorine, and precipitated with pure ammonia ; 
the precipitate which contains actinium is 
removed, and the filtered solution treated 
with sodium carbonate. The precipitated 
carbonates formed are washed and converted 
into chlorides. These chlorides are evaporated 
to dryness and washed with pure concentrated 
hydrochloric acid to remove traces of calcium 
chloride. The calcium chloride dissolves al- 
most entirely, whilst the chlorides of barium 
and radium remain insoluble. 

From I ton of J oachimsthal residues about 
8 kilograms of a mixture of barium and 
radium chlorides are obtained, the activity of 
which is about sixty times that of metallic 
uranium. To extract pure radium chloride 
from barium chloride containing radium the 
mixture of the chlorides is subjected to frac- 
tional crystallisation in pure water, and then 
in the later stages in water to which hydro- 
chloric acid has been added. The crystals 
of radium chloride which separate out are 
elongated needles, having exactly the same 
appearance as -those of barium chloride. 
Both crystals show double refraction. Crystals 
of barium chloride containing traces of radium 
are colourless, but when the proportion of 
r^um increases they have a yellow colora- 
tion after some ho\irs verging on orange and 
sometimes a beautiful pinL The maximum 
coloration is obtained for a certain degree 
of radium present. This fact serves as a 

imeful cheek on the progress of fractionation, 
we^l pointed out that the separation of 
barium and radium by fractional crystalHsa- 
tion m water from a mixture of the bromides 
IS mom rapid and efficient than from 

that of the chlorides.^ Another method of 
separating barium and radium is given bv 
Marokwald.® . ^ 

extracting radium from 

pitehblende by fusing the ore with sodium 
sulphate was employed on a large scale by 
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Hadtigner, Luding, and Ulrich.® This method 
has also been used in Australia by lladclilTe 
in treating camotite obtained at Clary, South 
Australia. 

Fusion with sodium carbonate was omj)loyod 
in America on camotito ores, but this method 
has the great disadvantage that it carries a 
large part, if not all, of the sili<ui into solu- 
tion. This adds greatly to the cost of the 
operation and tends to give radio in- barium 
sulphates of a rathor higli dogroo of iinj>urity 
which require special treatment. Tlio method 
adopted at present by the Bureau of Mines, 
U.S.A.,^ is based upon the fact that strong 
nitric acid dissolves radium-barium sulphates 
in considerable quantities, as well as the oilier 
soluble constituents of the ore. The use of 
strong nitric acid is advocated bccauHc tho 
radium-barium sulphate can bo procijutatocl 
at once m a remarkably pure form, and tho 
nitric acid can bo largely rocovero<l in tho 
form of sodium nitrate and used again. The 
radium usually exists in tho ore in the ])ropor- 
tion of 1 part in 200,000,000 ; a roeovery of 
90 per cent of tho radium jiresent is claimed 
for the nitric acid method. H. Ncjhluudt ® 
gives a method of extracting radium from 
camotite ores with concentraU^d sulphuric 
acid, and has applioddt with hucjccss t-o carno- 
tite ores from Colorado and Utah. Jiy boiling 
camotite oros with concentrated suljihurio 
acid tho barium and radium compounds 
present are converted into bisuljihatiss, which 
remain in solution in an oxcjchh of tho add and 
may then be separated from the insoluble 
components by filtration, followed by \v*VHlung 
the residue with concentrated sulphurie ad<i. 
From tho acid liquors thus obtaincvl tlu^ radium 
is recovered by diluting with wat(U‘, wln^rcby 
radium-barium sulphate is preei])itatiHJ. Two 
types of camotito ores w’oro dealt with, a low- 
grade ore containing pt^r ctuit IT.(). 

i*03 per cent VgO^, and 4-88 part-s of Ka |)cr 
billion, and a high -grade ore eontuiiiing 
14.39 per cent <M\7 per cent and 
42*78 parts of lia p^r billion. By using 
sulphuric acid of more than 78 per eimt 
concentration, at least {)(> per cent of the 
mdium proBout in tlicse ores may Im*, rec(>vere<l 
by the above method. 

Plum® gives tho following summaiy of the 
mo-fchocl ^ employed by him in He'parating 
radioactive products from (‘.arnotiti^ (‘on- 
centrates. One kilogramme of carntdite 
concentrates was boiled for several lumrs 
^th 2 litres of a solution (mntaiiiing 
400 grammes of anhydrous sodium (‘ar- 
bonate. Tho filtrate yUdded 88* I grammes 

/VW/A/car/ nurk- 

mantMK.K. AM., WimmiHelidfL IIHIH cxvll «iii 

‘ 0. L. ParspiiK, K. U. ?). ( " u,,7i ,i„ i JV 

®®haefer, of Ttul. anti K}}ff chem vill I'/o 1 * * 

Am, Chem, Soo, xxxvii, 8, 
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of uranyl sodium carbonate, U0aC032Na2C03, 
which roprosented 88 por cent of the total 
uranyl in the samples. The filtrate still held 
2 per cent of the uranium in solution. A 
second treatment of the ore with 300 grammes 
of sodium carbonate under the same conditions 
as above dissolved out only 2*8 per cent of 
the uranium. The residue was treated with 
400 e.o. hydrochloric acid diluted Avilh about 
a litre of water, and boiled for about 8 hours. 
Tlie radium-barium aulpliate He})arated from 
the nitrate weighed 7*30 grammes. The 
residue was next heated for a day with 200 c.c. 
of nitric acid diluted Avith about a litre of 
water. The radium-barium sulpliato x)rccipi- 
tatod in this filtrate Ave'ighed 0-453 gramme. 
The percentage of radium in those combined 
sulphates Wiis 89-8 per cent of the total 
amount in the ore. Reproci])itations of 
’barium sulphate in the two acid filtrates 
oarrit'd down 2-7 ]>or cent more of the raditim. 
The lead Hulphato separated from bismuth 
and (a)ntaining radio-lead, Aveighed 0-49 
gramme. The p<)h)uium precipitated with 
bismuth and then deposited on copper was 
50-1 per cent of the total amount in the <»re. 
7'ho residue was finally triuited with twice its 
Avoight of sulphuric acid after being diluted 
witli about an ocjual Aveight of AvaU'r and thou 
heated until most of the Hulj>hunc iici<i luul 
escaped in fumes. 'Hie activity of tlu^ ionium 
found in this solution wtis (11 per <5ent of the 
total amount in the original c^amotite. The 
residue left, after all (‘xiraefion pr(K)e«H(‘H 
liad been carried out, weighed 507 grammes 
and its activity showed that only 4-2 i)er emt 
of the radium still remained in it. 

§ (4) Mktalijo Radium has b(*en isolated 
by Mine (^^rie aiul Debieme^ by tlie cleetro- 
lysis of pure radium (diloridei. 'riie radium 
amalgam so obtained wim lumfcd to about 
7(Hr 0, in a (mrrent of hydrogen to volatilise 
the mercury. A AvhiU^ nudal uunaim^d. 
Metallic radium imdts at about 7(M)'’(\ and 
the vapour given ofT rapidly atbicks cpiart/-. 
Th<) metal turns black in air, jiossibly oAviiig 
to the formation of a nitrid(‘; it <’harH [)a|>er 
and <liHHolv(‘H rajudly and complet(dy in water 
and ill diluti- hydroclilorie acid. It decoinposes 
water with the evolution <if hy<lrogen forming 
radium hydroxide solution. 

§ (5) Atomic WKKinT.-- Mmo Curie made 
several (leterminatious of the aiomie WTdght 
of radium, hy treating fmrified radium chloride 
with silver nitrate an<l estimating the amount 
of silver cdiloridc obtained. The Iasi det<^r- 
minatiou mad(^ hy her gave a vnhu' 226*4 for 
the atomic weight.* Employing the Ranus 
method and about 1*35 gramnu^s of purified 
radium chloride 0. n<)nigH<^hmid ® obtained 

‘ Itmiuit, I DIO, cli. 523. 

“ /Mrf., im)7, exlv. 422. 

“ irfm. Jtvr.y mu, exx. 1017. 


the value 225-95. A similar set of experi- 
ments with the bromide gave 22r)-D(), A 
spectroscopic examination of the final bromide 
jirexmration used showed that it contained 
less than 0-002 per cent of barium. I’ho 
A'^alue 226 is at present aceejitccl as the atomic 
Aveight of radium. 

§ (6 ) Sueotrum. — D cmar^ay * showed that 
radium gave a well-marked and oharacteristio 
spectrum. Twelve lines AV'cre observed be- 
tween \-r>OOOg/i, and X~3r>()0g,g, together 
with w'oll-markoci bands. The general aspect 
of the aj)cctriim is that of the alkaline earths — 
these metals liave A\'ell- marked line spectra 
with a number of bands. Later the spark 
spoctrum of radium was exaniiruul hy Rnngo,® 
Kxnor and Haschek,® Crookes,’ Rungo and 
Procht.® The chu^f lines obscM’ved, in order 
of decreasing inlcmsity, Avere : 381 4 -D, 4(182*4, 
4340*8, 5729-2, 4826-1, 443()-r), 6813-8, 62()()*6, 
5058*4, r)()(l()-8, 4533*3, 2813*8 gyu. Radium 
flivlts give a fine carmiiu' coloration to the 
ihinsen flame. 'Plu' flanu' sjiectriuu of radium 
was examined by Range and Preidit.® The 
folloM'ing lineH and bands showed up clearly ; 
482(1, (113()-(1330, 6329, 6349, (1530-67(H), and 
6(153. A good test of the completion of the 
separation of barium and radium is the n^lativo 
intensities of tlu^ lines 4533-3 (radium) and 
4554*2 (barium). These two lim^R arc of 
same intensity Avhen only 0*0 per cent barium 
is pri^Hi'ut in the radium salt. An activity 
fifty times as gri'af. as that of metallic uranium 
is required to distinguish clearly the prinoiiial 
radium line (38t4*(lgya) in t.hes])ark spectrum. 
With a Honsitive ekH^tro under the radioactivity 
of a Hubstanci*, only om^-huntlredth of that of 
nu'tallio uranium, ean be def,e(de<l, so that the 
ionisation midhod of didiw.t.hig radium is 
much more sensitive than the spectroscopic 
nu^tliod. 

§ (7) Sai.th ok Radium.- The sall.H of 
niciium resemble the eorrespoudiug salts of 
barium. Radium suliihabi is less Rolublc 
than tiu^ barium salt, the (Carbonate also is 
sparingly solubh*. Por a 50 jier e.ent or weaker 
Holuf.iou of Huliihuric a(‘id the solubility of 
ra<limn sulphate is pjae.tieally the same as 
that in water, naim-ly 2*0xl0"®gm. Ra8(>4 
per e.c. at 25''’ (\ This value is that ))ro- 
<liote<l from <-<)mparison with the <leoroasii)g 
solubilities of ('U, Sr, and Ha sulpliates, On 
im*n»aHing the eoTK^i^niration of JIaSOt above 
65 p(T eiMit, a marked rise in soluliility of HaBO^ 
takes plain* ; it is more than twelve times as 
Holuble in 70 p(‘r cent as in 65 per cent acid,'® 


* (^onwtfit Hmius IHD8, cxxvil. 1218. 

* Ann, d, i*hm,s IHOII, 11, 742 ; HI0», xH. 407. 

• \Ylm, /frr., 100 1, ex, 954. 

» Huu, X'w. 1904, A, IxxU. 295. 

« Ann, d, 1904, xlv. 41H, 

• fhid„ 1901), x. (155. 

UnUerwooii and \VUlt.t(‘more, .4w. ('hm, i<oc, J., 
1918, xl. 
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The bromide aad chloride ciystaUise "with t\iro 
molecTiles of water: EaClaSHgO, RaBra2H20, 
and these crystals are isomorphous with 
the corresponding bariuio. salts. The radium 
halides are much less soluble than the 
barium halides. Several other salts, for ia- 
stanoe nitrate, azoiniide, cyanoplatinate, have 
been prepared. The radium salts when freshly 
made are white, hut they afterwards hecome 
yellow and brown, particularly if the salts 
are impure. Solutions of radium salts have 
a blue luminescence and the salts are aU 
luminous in the dark. The following table 
gives the percentages of radium element in 
some of the radium salts ; 
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Salt. 

Formnla. 

Percentage of 
Badium Blenient 
in Pure 
Radltiin Salt. 

Hadium bromide \ 
crystalliue j 

B>a6r22BgO 

per cent 

53-6 

Eadium bromide 'i 
anhydroiia j 

RaBr2 

68*6 

Eadium chloride ) 
cr3rsfcalli]ie j 

RaClgSH!^^ 

67*9 

Eadium chloride ] 
anhydrous j 

RaCla 

76*1 

Eadium sulphate 

RaS 04 

70*2 

Eadium carbonate 

RaCk)3 

79 0 


§ (8) Ratio oi' Raditim to Uran-ium iir 
Minbbals, — In the early stages of radio- 
activity Rutherford and Soddy had suggested 
that radium was a disintegration product 
of one of the radioactive substances in 
pitchblende and, since radium was always 
found associated with uranium, it appeared 
probable that uranium was the primary 
source from which radium was derived. If 
this were the case the weight of pure radium 
per gramme of uranium iu a mineral in radio- 
active equilibrium should be a definite con- 
stant. A large number of radioactive minerals 
were examined by different investigators with 
a view to testing this conclusion. The ratio 
of the amount of radium to uranium iu the 
older minerals showed remarkable constancy ; 
minerals of more recent formation, however, in 
which radioactive equilibrium had not been 
established, showed variation, and according 
to expectation the values of the ratios were 
always lower than in the older minerals. 
The weight of pure radium per gramme of 
uranium in a mineral in radioactive eq[ui- 
Libiium was found hy Rutherford and Bolt- 
wood ^ to be 3‘23 x gramme, so that 323 
milligrammes of radium element are present 
per ton of uranium element approximately. 
This value of the “ equilibrium ratio ” has 
been confirmed by Lund and Whittemore ® 

1 Ann. Joum. Sci„ 1906, xxii. 1. 

* Bur. of Mines, Techn. Papers, 1915, Lxxxviii. 


who examined samples of camotite represent-' 
ing large quantities of the or© (a few hundred 
pounds to several tons). Samples from small 
quantities of ore — hand specimens up to a 
few pounds — tended to exhibit abnormal 
ratios ; in one instance the ratio was as low 
as 2-48 X 10"’, in another it was as high as 
4-6 X 10"’. These abnormal difforencos are put 
down to local variations which aro equalised 
iu large samples. 

§ (9) EsTiMATioisr OT Raditim. — The quan- 
tity of radium in a preparation is estimated 
in terms of the International Radium standard. 
This standard is a specially purific‘<l specimen 
of radium chloride containing 21*99 milli- 
grammes of radium chloride prepared by 
IVInie. Curie. It is kept at the Bureati Inter- 
national des Poids et Mosuros, Sevres, PariH. 
Copies of this standard have been supplied 
to the National Physical Laboratory, Todding- 
ton, and to the official testing institutions of 
other countries, who undertake the dobermina- 
tion of the quantity of radium contained in 
preparations submitted to them. 

Two general methods have been employed 
for determining quantitatively the amount 
of radium in a preparation, namely, the 7 -ray 
method which is suitible for measuring 
quantities of radium varying from 0*1 milli- 
gramme to 1 gramme, and the emanation 
method which is snitablo for measuring stuull 
quantities of the order of 10"® milligraramo. 

(i.) The 7-my Method , — This method of 
measurement depends upon the fact that the 
radium in a radium salt, hermetically sealed 
in an enclosure, is in equilibrium with its 
products of disintegration in about a month’s 
time after the preparation of the salt, and 
emits a very penetrating 7-ra(liatic)n, the 
intensity of which is proportional to the 
amount of radium present. The r»\diuni itself 
emits no 7-radiation, neither do the next 
three products which follow it, except rndiunx 
B which gives off soft y-racliation ; t In'! 
penetrating y-rays of radiutn are entirely 
due to the fourth product radium and 
it is for this reason that it in nocoHSiiry 
to enclose the salt in a Ixennetically 
tube, so that equilibrium has been OHtabliHhcd 
before measurements are taken. It is only 
when equifibrium has boon attaincMl that 
the y-ra&ation gives a measure of the rndium 
present in the tube. 

(a) Butherford's Direct MetJiod. — I’o measuro 
the quantity of radium in a sample in 
of the standard the 7- ray activity of mch pre- 
paration is measured under identical condit.ionH 
by means of an olocitroscopo and ioniHation 
chamber. The apparatus omploycvl is sliown 
in fig, 1. The rates of fall of the elcetroscopc 
leaf after correcting for natural leak are 
directly proportional to the amounts of rudium 
in the tubes and thus give a direct comparison 
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of thoir amounts. It is essential for accurate 
measurements that tlio electric field inside 
the ionisation chamber is strong enough to 
produce saturation. The most accurate com- 
parisons are those made when the sample and 
standard contain about the same quantity of 
material ; comparisons correct to about 1 per 
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cent can bo made, however, when one sample 
is ton times as strong as tlm other if a sufficient 
number of readings be taken. It is advisable 
to make e()iiii)arisonH at diffc^ront distances 
irom the ionisation (rhainber and «Iso to place 
difiorent thiekne^ssos of absorbing screens in 
Iront of the cdiamber. The ratio of the 
activity of the two sampIcH should remaiu 
constant (luring these nu xlilicath )uh. Moasuro- 
ments should not be made with the samples 
too near the eloetrosoopo bec'a»uso a small 
displacement relative to the elet^troseope 
introdu(tes a large error. It is essential to 
prevent radiation tether than 7-radiati()n from 
entering the chamber. The latter is thondoro 
made of kuvd at leimt 3 
millimetres thick and the 


windows of the elcctroseoiH^ ^ 

should bo made of thick I 

l(md glass and be well I 

guard(‘,d by kuid shields. " I 

pi*(^e.autions ])r(wcnt I 

the entry <»f /^-radiation, 
but Hoatl(‘red 7- radiation 
from obj(‘cts in the neigh- 
bourliood of th(‘ a[)paratuH 
will always (uder ih<‘, up- 
paratus, and for this hmusoti 
H iudi objtHd-H should not Im 
movt^d during course of a eoniparisou. 

It is of advantage to enchwe tluj radium 
in small tiib(^H k<» that they act tie i)oint 
sour(K*.s, also the walls of the tulu's shtnilcl 
not ox<5(kkI 0*2 millimetrcH in thiokiu^Sfl. If 
they do not exceed tliis thickm^sH the cjorrcMi- 
tion due to absorption (d th(‘ rays in the glass 
is iK^gligiblo. Kor thicker walls, a correction 
will have to bo applied, the absorption 
coefficient of the rays in glass l)eing 0*10 per 
(un. It is convenient to have at hand a serios 
of graduated standards, say 0 * 1 , 1 , 5 , 10, 30 
milligramnios radium element for the compari- 


sons. The error intrt)ducod on account of 
lack of siitiiratiou may be serious wlicu 
quantities <^f radium of very different activities 
arc compared by the above method. The 
graduated standards would bo useful in this 
connection, because they could bo oombinod 
together to give an amount of radium approxi- 
mately ecpial to that in the tube to bo tested. 

(ft) Rvtherfnrd and Chadwick's Method . — 
Another delicate method of companson has 
been devised by Ituthoi'ford and dhadwick.’' 
The metho<l (ionsists in balancing the current 
profliicod in an ionisation vessel by the 7-rayH 
from the two sj)ecimenH of radium to be com- 
I)arod in turn against that ])r(ulucod in a 
second vessel by uranium placed inside it. 
The ionisatio!! in this vc^ssel remains jconsiant 
whilst that in the other one is varied by 
altering the distance of the radium from 
it. When the ionisation currents have boesn 
balanced the ])oHiiiou of the radium t)n a scale 
gives a nuuisun't of t<ho (puuitiiy present. 

The disposition (ff the apj)aratus is shown 
diagraminati(‘.}illy in AbV/. 2. In the ap})aratus 
described by Rutherford and (Uiadwick, the 
vessel A <‘.<msists of a lead (‘,ylind(T 2 cm. 
thick. It) c.m. long, and of int<^rnal diameter 
J5 cm. TIk^ end of the vcssc^l, through which 
the 7-rayH enter, is covort'd with a lead plate 
1 (un. thick. This vesw^l is placed at one end 
of a gra<luatod soale about four metros long 
along whicdi a slide carrying the radium R 
(um be moved to any desired distanoe from it. 
The insulakul electrode of the chamber is 
oonne(?tod to that of the chamlxT IJ by a wire 
which is encloBod in an earthed tube T, about 



3 to 4 nu^tres long, which can b(> evacuated. 
'I’luH prevents the production of ionisation 
in the ttilm by stray 7-rays which would 
vitiate the rewult-s. Tiie v(iHHol H is a brass 
cylinder 4 em. high and 4 (*m, in dianioUw. 
The ioiusation in this vossol is producjcd by 
the a-rays emitt(‘(l by a fihn of uranium oxide 
depositi'd on a plate plac^c^d at the bott(>m 
of thc^ ('hamber. Thci ionisation can b(^ varital 
over a large range by opening or shutting an 
iris diaphragm placc^d above the uranium. 
The insulated system is (jonnocted through 
» 2%V9. PIoo. /‘roc., 1012, xxlv. Ul. 
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aa earthing key K to one pair of quadrants (c) M'ine O-uria^is Method . — A y-niy method 
of the electrometer E, the other pair of due to JMme Curio is shown in I'ig. 3. Tlio 
quadrants heing earthed. In order to pro- radium is placed on top of a largo circule.r 

duoe ionisation currents in opposite directions plate condenser C consisting of two shoots 
in. the two chambers, the one chamber is con- of lead about 80 cm. diameter and 5 nim. 
nected to a potential (usually 
about 200 volts) equal and 7‘o Support 
opposite to that on the other. 

The electrometer and ionisation 
chamber B are both enclosed 
in a box covered with lead 
5 mm. thick, and as a further 
protection from the y-rays, the 
vessel B is enclosed in a lead 
cylinder 6 cm. high and 3 cm. 
thick, and insulated from it. 

It is convenient to arrange the 
apparatus so that the move- 
ment of the spot of light on 
the scale can be watched at 



the same time that the earthing key is worked 
and the slide carrying the radium is moved 
along the scale. 

In making a comparison of two preparations 
of radium, the only measurements required 
are the distances of the balancing points from 
the surface of the chamber. It is necessary, 
however, to know the depth of the ionisation 
chamber A, and a correction has to be made 
for the absorption of the y-rays in the air 
between the sources and the vessel A. In 
the calculation use is made of the fact that 
over a wide range of distance the intensity 
of the radiation producing ionisation is in- 
versely proportional to the sqxiare of the 
distance of the radium from the ionisation 
vessel. 

If r is the distance of the radium from 
the front surface of the ionisation vessel and 
t the thickness of the lead plate covering it, 
then if /q is the absorption coefficient of the 
7 -rays in lead and their absorption coeffi- 
cient in air, the intensity of the radiation 
in the ionisation vessel is proportional to 
•c“M»‘/r(r4-d), where d is the depth of 
the ionisation vessel, which is small compared 
withr. 

Hence if milligrammes of raclium, placed 
at a distance r^, produce the same ionisation 
in the vessel as Rj milligrammes placed at a 
distance rg, then 

ie. ^ . e-Mri - rO 

This method can be employed to measure 
quantities of radium greater than one milli- 
gramme to an accuracy of about 1 part in 
400. Smaller quantities than this have to 
he brought so near to the ionisation vessel 
that the inverse square law no longer holds. 


thick. An insulated aluminium plate situated 
between the load plates, with a cloaranco of 
about 2 millimetres on cither sido, serves as 
the electrode. To obtain saturation the lead 
plates are connected to a high pot-ential. I’he 
ionisation current produced is balanced by 
the use of a quartz piozo-eloctricpu? Q. Tlio 
relative saturation currents produced by the 
test and standard preparations allorcl a definite 
measure of the radium present. 

(d) Soddy's Method. — Soddy describes a 
7 -ray method by which the radium content of 
a low -grade proj)aration can bo ostimated.^ 
A spherical flask is filled with a known weight 
of the salt and sealed up. After e<iuiHbriurn 
has been attained a comparison is nuuk^ bo- 
tween this and tho standard by tho first nu^thod 
described above. An accurato <*.oiToction cum 
he made in this instance for tho absorption of 
the rays in tho salt. Kupposo I is the in- 
tensity of tho radiation olnservod from tho flask 
and I„ what it would bo if no ahsorptkju of 
the radiation ocourmcl. TTion it can bo shown 
that 

~= H- A - Ktaiy 4 A (/tR)* 

where g is tho absorption oocflkucnt of the 
radiation in the material and Jl the nifliufl 
of the flask. The value of /x/p whore /> is tlio 
density may be taken as ()-()4(>, th(^ ckumity 
of the substance being taken as th(^ nuiss 
divided by tho known volume V of tlio flask. 
The series is rapidly converging, tin<l tliroe or 
four terms will suffice in most oasoH, 

Por a rapid approximate estimation of 
radium in minerals Soddy employs a largo 
lead electroscope, about 20 cm. high by 20 
cm. diameter and of wall thickness 0-4 cm. 

1 Chemistri/ of the Iiadio-elenif*ntit, H) 17 , 
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The windows are made of lead glass and 
are shielded by lead so as to prevent the 
entry of secondary radiation into the electro- 
scope. The leaf system is of the simple type 
and is insulated i)y sulphur. In comparing 
pitchblendes and other min(»rals a lump of 
20 to 100 grammes, according to the rich- 
ness of the mineral, is taken and placed on 
toj) of the electroscope. The increase in the 
leak is compared with that produced by a 
similar luinp of a standard ])itchl)lende, the 
uranium content of which is known. 'These 
ineasurementH supply enough data to calculate 
the amount of radium in the mineral. Kor 
example ; 

Tor cent-. W(‘iKht. h(‘ak of 

U Kl(‘CtTOHCOpO. 

Rhmclard . .GO 21 gin.s. 12 div. per luin. 

Specimen tested . x 20 „ 8 „ „ „ 

X X (H) T i>8 per cent. 

The “ c(iuilibrium ratio ” of radium to uranium 
in a mineral of old formation is (h223xiO"®, 
that is, there are 322 milligrammes of radium 
element present per ion of uranium (dement, 
lienee the amount of radium in the above 
sample is 0*28 x 0*222, i.e. 0*000 gramme per 
ton of mineral. 

(ii.) The Emanation AfHhotL-- This method 
is v<}ry suitable for accurate’) nuvvsurementH 
of minute (piarititms of radium. It depends 
on the fact that radium j)roduees a gaseous 
produet, the emanation, of a eomparativedy 
long period of transformation whitdi (Jau be 
separated compleUdy from radiuui soluthms. 
The emanation reach(‘H its ('(piilibrium value 
aft-er the radium solution has Ikhui sealed up 
in an euelosure for about a month ; when 
this stage is rea(di<Ml thi‘ amount of (uuanation 
pres(uit is proportional to the radium content 
of tlu* solution. Ah a standard of comparison 
it is n(*eeHHary to pn*pare solutions (uuituining 
a ktiovvn (fuautity of radium whitdi has tw*eii 
nu^asunKl by oni^ of the 7-ray methods. A 
standard solution is jin^pan'd as bdlows : 

A known (pianlity of radium salt, say I milli- 
gramme, is dissolved in distilU'd water contain- 
ing a littk' dilute hydroehloric acid so us to g(d it 
all into solution. This is made up to a litre by 
th{^ addition of wab^r. One cubic- c(‘ntimctr(^ 
of this solution is ineasun^d can'fully, (dtluT 
by means of a pipeth^ or by widghing, and 
transferred to anotluw flask, and water added 
up to a known V(dume, say I lii-n* : I cubic 
contimetre of this solution would ther<‘fore 
eontaiu 10*® milligramme of radium. A 
number of H<dutionH of difTenmt sti’engths are 
prepanul in this manner and k('pt as standards ! 
of r(‘f(‘r(»nco. It is cssimtial to take grt^ii | 
prci^autioriH that all the radium is initially 1 
l)ut into Bolution* and ii is advisable to add a 1 


little hydrochloric acid to the staiubird solu- 
tions when they are made, so as to ensure 
that the radium remains permauently dis- 
solved. After the standard solution is 
made, it is placed in a distilling llask 
which can bo sealed uj). Before sealing up, 
however, the solution is thoroughly boiled 
ti) drive off all the emanation, .Boiling for 
a few minutes sullicos for this purpose. The 
flask is scaled up Ix'foro it cools and is 
kept for a month to allow the emanation to 
aecumnlato. 

When the radium content of a sample is 
nupiired, it is put into solution in a manner 
similar to that dcsc-rihtHl above in the case 
of the standard. In a mont-h after th(» vessel 
containing t he solution is sealed, the emanation 
is transfiuTcd into an (d(H'troHcop(\ ^I'his 
transfereiuio is cfTeciiHl by mkmius of iho 
apparatus shown in 4. distilling 



flask A, containing the radium Bolution* is 
opened and the air rushes into the partially 
oxhausiod vessc^l so that there is no loiw of 
emanation. I’his is them eounecUHi to the 
gas burette B, which is filled with hot water 
forc-od into it from the Hosk (1, The 
flask A is them Imaitnl for aliout five minutes 
HO as to drive th(^ emanation into the gns 
burette ; th(^ tunanaiion collects in the top 
of tlm l)ureUe and do(‘H not dissolvo in the 
hot wat(‘r. (\jld wat(w dissolves the emana- 
tion to an iipprocialile extent, "i’iie flask A 
is again sealed, and the emanation in the 
hunstU^ Huek(*d into an elect roHCO|Hj whi're its 
activity is nu'iisunwl. To do this the ekmtro- 
scope is evacuaf evi by nnwas of a wnt<^r pump 
and tfie emanation p*iSH<kl into it through a 
drying tulK‘. The bun^ttt^ is finally disenm- 
nected from the drying tul>o and a stream of 
dry air allowed to pass into the «deetrosooiMf! 
until atmospheric- prt^ssure is established. The 
j (»b(^troH<Hipe is th(‘n closed. The rate of leak 
I duo to the emanation in the ek'(d.ro«copi^ In- 
1 creases rapidly at first and then rnori» slowly* 
i reaching a maximum in about three houn 
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after the introdiictioii of the emanatioii. The 
increase of leak is due to the production by 
the emanation of its products — radium A, 
radium B, and radium 0. During this interval 
it is advisable to keep the leaf of the electro- 
scope negatively charged so as to concentrate 
the active deposit on the central rod. Owing 
to the intense field near the central electrode, 
saturation is obtained more easily than if the 
active deposit were driven to the walls of 
the electroscope. Bor accurate work it is 
desirable to take measurements of the leak 
when at its maximum. The emanation should 
be swept out of the electroscope as soon as 
the measurements are made, so as to avoid 
contamination from radium B, which will 
increase the natural leak. 

The same procedure is gone through with 
the standard solution. The ratio of the leaks 
in the two cases gives a measure of the 
amount of radium in the sample in terms of 
the standard. 

The emanation method is very accurate and 
reliable. The emanation from 10"® ^lli- 
gramme of radium gives a comparatively 
rapid discharge, and it is possible to measure 
one-hundredth of this quantity with cer- 
tainty. 

§ (10) Mbsothorium. — The y-ray method 
does not differentiate between radium and 
mesothorium, both of which emit penetrating 
7 -radiation. The penetrating power of the 
rays from radium is slightly greater than that 
of the rays from mesothorium, and a careful 
comparison of the absorption of the rays in 
lead will reveal the contamination of radium 
by mesothorium without the necessity of 
opening the tube containing the preparation. 
A more satisfactory, although a more laborious 
method of detecting the presence of meso- 
thorium is to dissolve the salt and drive 
off the emanation. If the solution contains 
no mesothorium the y-ray intensity will 
almost vanish after three hours ; this will not 
be the case if there is any mesothorium 
present. The objection to this method is that 
the tube containing the preparation must be 
opened, which involves the risk of tho loss of 
some of the material. 

The camotites are known to contain only 
a negligible amount of mesothorium. Tests 
made at the Bureau of Standards, Washington, 
on radium produced from this ore indicated 
that the mesothorium present did not exceed 
0*2 per cent of the radium content of the 
material. Consequently it is quite safe to 
assume that the radium produced from these 
deposits is practically free from mesothorium. 

§(11) Radium Constants.— Radium itself 
emits 3-57 x 10^® a-particles per second per 
gramme of radium ; when in equilibrium with 
its products 14-3 x 10^® are expelled per second 
per graiimie of radium. The total charge 


carried by the a-particles emitted per second 
from 1 gramme of radium and from each of 
its products in equilibrium with it is 33*2 o.h.ii. 
or 1-11 X 10”® c.m.u.^ 

The quantity of emanation in oquilibriuni 
with 1 gramme of radium is known as a citrin 
of emanation, and one-thousandth part of it 
is a 7mUicurie. Similarly the quantity of 
radium A, radium B, and radium C in equi- 
librium wdth one gramxne of radium are kn< )wn 
as one curie of radium A, radium B, or radium C 
respectively. Tho total ionisation current tluo 
to a-rays from one curio of omanatioii is 
2-89x10® e.s.u. when the emanation is by 
itself and 9-94 x 10® o.s.u. when it is with its 
a-ray products.® Tho tr)tal charge carried by 
the -particles emitted i>or second by Ra li or 
Ra C in equilibrium with 1 gramme of radium 
is 18*3 e.s.u.^ Tho volume of tho emanation 
from 1 gramme of radium in equilibrium is 
0*63 cubic millimetre, which agrees cloHcdy 
with the value calculated from tho knowledge 
of the number of a-jjarticles emutted ])or 
second, per gramme of radium itself, nanudy, 
0*62 cubic millimetre.* Tho total heating 
effect of 1 gramme of radium and its products 
in equilibrium with it is 134*7 gramme calorim 
per hour. The oontribuiion to this total 
amount by each of the products in as f{>llows ; 

Eadium alon .0 . . 26*1 granxme calories per hour. 

Eadium emanation. . 28'6 „ „ „ 

Eadium A . . . 30*6 „ „ „ 

Eadium B "I 

Eadium 0 j ‘ »» »» 

The production of helium by radium was 
investigated by Ramsay and fttxkly.^ Pux'i- 
fied emanation from about 50 milligrammos of 
radium bromide was introduced into a small 
spectrum tube. No helium exadd >)e dotiK^Unl 
spectroscopically immediately after the intro- 
duction of tho emanati(ni, but aftiu* standing 
for four days tho helium spectrum appearcKi 
with all its characteristic linos. This showed 
that helium is produced directly by the tmiis- 
formation of the radium emanation. It was 
the first definite evidence of th<‘i production of 
a known element during the transformation 
of radioactive matter. Boltwood and Kutlu*r- 
ford® found exporimontally tlm.t 164 cubic 
millimetres of helium are produced per grait\ine 
of radium per year; this figur<^ is in good 
agreement with that found by oalculafion, 
namely, 163 cubic milliniotrcs. 

From tho number of a-paH-i(dcfl einif U^d fXT 
second by 1 gramme of radium Rutherford 
and Geiger calculated that the half -value 


Rutherford and Geiger, Ro//. 

A, Ixxxi. 141. 

• Geiger, ibid., 1000, A, IxxxU. 4RC. 

• Moseley, ibid., 1912, A, Ixxxvil. 2^0. 

• Rutherford, PM. Mag., 1908, xvl. 300. 
“ Rov. Soc. Proc., 1003, A, Ixxll. 204. 

« Pha. Mag., 1911, xxil. 680. 
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period of transformation of radium was 1090 
years. Boltwood^ dotormiiiod this q[!iantity 
experimentally by separating? the whole of the 
ionium present in a uranium mineral and 
determining the growth of the radium from 
it in terms of the C(iuilibrium amount of radium 
in the minoral. HLo found that the half- value 
period was about 2000 years. A more recent 
dotormination by this method, and employing 
four dilforont minerals, has been made by 
MJlo. Gloditsch.® The moan of the ft)ur deter- 
minations gave the value KiOO years for the 
half-value period, whieh agrees more closely 
with the abovo-calculated value. Jf I(, is the 
initial activity of radium and I its activity 
after an interval of tiino <, then I/Jo=e“'^^ 
where X is a constant known as the radio- 
aotivo constant.” Jt may he dt^lined as the 
fratJtion of the total amount disintegrating 
per unit of time, assuming the time unit to 
be so small that the quantity at the end of 
the time unit is not sensibly difTeront from that 
at the beginning. Eor radium 1/T<,r=^^0*5 
whoa ^i=lC9() years, so that Xi. 4*10xl0-* 
per year. An atom disintegrating ttccording 
to the al)ov<» law can he shown to have an 
average life of 1/X, which in the onsf^ of radium 
wouki be 2440 years. 

JhItUOaKAPllY 

K. Uutherford, HatHoacHir SnhNtancfft and thHr 
ItodiatiotiB, Cnmbridge thUversIty Prm, 

W. MAkow(‘r and 11. (iclKor, Vmditnl 
i)i Lougmana, (Irccn <^ir Co., 1012; 

F, Hoddy, T/ifl VhrmiHtrif of ihv Radio* eUmmU^ 
Part 1., Jjongmana, (Irccn ^ Co., 1U17. 

K. A. O. 

Radium, Pkincudaii (k>MMi'JU(’iAr, Onics of, 
pitchblende and caniotit(\ 8e<^ Radium,” 
§( 2 ). 

Radium A<iTrvK Druosit, r)K(7AY of. 8eo 
“ Radioactivity,” § (20) (ii.). 

Radium Gontknt of Luminouh (toMcoirND, 
mefiHuremcixt of, by 7- ray nietho<l. >Seo 
“ ljuminouH Compounds,” § (5). 

Radium Emanation : a gitscoiis product of the 
disintegrat ion of radium ; ernploy<'d as the 
bfisis of an accurate im^thod of mejmurement 
of minute C|uantitioH of rmlhnn. See 
“ Radium,” § (9) (v.). 

Radium Luminous (Jomfound, Photomrtry 
OF. See “ Photometry aiul Illumination,” 
§(125). 

Radium Patntkd Dials, Pitotomktry of. 
vSe(^ “ Photometry and Illumination,” § (127). 

Ram.sd rn’m Kyrutkom. Heo ^ KyepieooH,” § (3) ; 
“ ^.IVlesoopo,” § (0). 

» dw. ,/. A'ri., XXV. 403. 

“ Ihid,, U)10, xli. U2, 


RANGE-FINDER, SHORT-BASE 

§ (1) Early History of tiir Ranoe- 
PiNDER. — The evolution of the shoit home- 
base range-finder provides one of the most 
interesting stories in the whole range of 
applied optics. From the earliest times, the 
distances of inaccessible objcct.s have been 
determined by simple triangulation methods. 
This has resulte<l in a constant demand for 
instruments of the theodolite type, designed 
to measure angles in azimuth with the greatest 
poBsihlo accuracy. When, however, ihe prob- 
lem of determining ranges during a battle, 
under the eyes and fire of the tmeiny it might 
be, became an urgent one, it was soon dis- 
coverc!<I that what wei'c in essence surveying 
methods sufTc^red under great, disadvantagi's. 
They necessitated the use of a comparatively 
long base, and the employment of a number 
of men, for the cuirrying out of an operation 
which took a (tonsiderable time, and had to 
bo conducted under conditions whksh made 
accurate work difticult. Thus arose th(< 
demand for the short-base, single-observation 
range-finder. 

In the earlier forms of short-baso rango- 
findem two theodolites in elTcKst were mounted 
at the ends of a known and rigid base. The 
theodolite tolescopos wore directed either 
succcsHively by a single observer, or simultane- 
ously by different observers, on to the distant 
object, and the oonvorgonce angle determined 
from the readings of the thoodoliioa. 

In later forms of this type the two telosoopos 
wore fixed rigidly to the ends ()f the base with 
their axc.s i>arallel to one another and at right 
angles to the base. In making an observation 
the imago of th(» objoc.l was brought on to the 
fixed croas-wiroH of one telescope, by rt)tating 
th(' range-finder in azimuth, and then tlu^ 
(lisphwremont of the imago from the axis in 
the second teles(U)j)e was (l(4^*rminod by an 
ocular rnieromotcr, grachiated, it might be, to 
give rangers. I'hiH marked a ileeidod advance. 
In effect thf'i object was brought into position 
along the axis of one U4e«(!ope, and the range 
determined from the parallaotio displacement 
of its image in the field of view of the other 
telescope. 

The two-iiKUipeiident-tcilcsoojH) typo, how- 
ever, wtis open to manifest objecjtious. When 
two observers were employed it was difficult 
to ensure that the same object was being 
ranged upon in each telescope, an<l ranging 
upon a moving object presented ev<>ii greater 
difllcultu^s. It was thus nmlisod that the tw(' 
felescopes employed should project their 
images into a singles common ey(spieoe, so that 
th<^ two iriiagcH given by the two telescopes 
could bo observccl sinuiltanoously by a single 
observer. 

One of the earliest forms of coinoidenoe, or 
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rather superposition range-finders, was that 
invented in 1775 by an optician named 
Magellan. In this apparatus, as shown by 
Fig. 1, sliding telescopic tubes a and h carry 
mirrors M' and M at their outer ends, the 
latter mirror being fixed in front of a telescope 
L. Thus a distant object can be seen directly 
in the telescope L, and indirectly, after suc- 



Fio. 1. 


oessive reflection of the light by mirrors M' 
and M. These mirrors are inclined at a small 
angle to one another so that within certain 
limits superposition of the image can be 
effected by adjustment of the base length. 
From this base length and the constant angle 
of convergence of the mirrors the range can 
be determined. A notable instrument of this 
type was also invented for military purposes 
by Brander, a description of which was pub- 
lished in 1781. 

An interesting range-finder was that patented 
in 1858 by General Claris (see Fig. 2). In this 
instrument a single telescope only was em- 
ployed. Light from the object fell simultane- 
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ously upon two end reflectors and Rg, 
from which the light passed to inclined 
reflectors Rj and mounted in front of 
a telescope object-glass. Two pictures, dis- 
placed horizontally with respect to one another, 
were thus seen in the focal plane of the eye- 
piece. This horizontal displacement, which 
was a measure of the range, was measured 
directly by means of a micrometer screw. 

It should be noted that Clark’s instrument 
was not, strictly speaking, a coincidence range- 
liiider, since the actual displacement of one 


picture with respect to the other was det,or- 
miued directly. It was, how^over, one of the 
earliest instruments of fixed base length which 
permitted of simultaneous observation by a 
single observer in a single eyepiece. 

In 1860 Adio took out what would now be 
called a master patent for a short, constant 
base, ooincidonco range-finder. Up to this 
time coincidence, or superposition, had been 
secured by varying the base kmgth ; or, the 
base length being fixed, the parallactic dis- 
placement in the ocular field had Ix^on 
measured directly. Fig. 3 is taken from Adio « 
specification. An outer tube d carries a 
telescope system consisting of an objcct-ghiss 
Y 9 prisms p® and p®, and an cyeinoce a*. An 
inner tube df pivoted at c carries a second 
telescope object-glass of and i)riHinfi 
Each of the telescopes therefore ])rojects an 
image into the focal piano of the cyepiet^c 
When the inner tube is rotated about its 
pivot c by the operation of a micrometer 
the image produced by the telescopic^ Hystcin 
on the left is moved horizontally across the 



line of sight in the field of view, and can thus 
be superposed, or brought into coincidence 
with the image produced hy the teh^Hcopt^ on 
the right, and the range d<'t<^rniiu<xl. With 
such a simfflo Hystom of reflecting w'parafing 
prisms, partial fields with a sharp dividing 
line cannot bo obtjuued, a c^oncUtion whicdi 
has been shown to he esHcuitial to a<‘eurafe 
work. 

An interesting Hj)eeimen of Adieu’s ttdenn*ter 
is to be soon in the Rcdencre Museum* South 
Kensington. It has a base Uuigth of 3 ft. The 
parallactic angles are read ofT (lirecdly, whilst^ 
reference to a table (tarried hy the instrunn^nt 
gives the corresponding ranges from 1<H> to 
2000 yards. The instrument was used on 
H.M.a Triton, from 1885 to 1004, during the 
survey of the Etvst ( Joast of England. 

Very soon after the date of Adic’s invention* 
the Gorman optician Sknnheil, and lh(‘ Knuuh 
optician Tavernier, brought out. <‘oinei<len<*(* 
range-finders in which the (x>in(ddcn<!(^ w^is 
brought about by a rotation of of lh(‘ md 
reflectors. Marindin as lato m lOOl 
a range-finder in which coincidence* wuih Hc*enred 
by a similar tilting of an end rt^flector. 

In 1868 Paschwitz dcsctribed a rang<*-fin<Ier in 
which coincidence was ohtaintMl hy swinging 
a plane-parallel plate in the beam inwwing along 
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ono of tho tolescopcis, that is in a couYorgont 
beam. 

The pentagonal prism appears to have boon 
first apj)liod to rango-iindors by Colonel Goiilicr 
of the hVotich Army about 18()4. 

In 1885 Mallook introduced a ranpfo-finder 
in v'hioh an optical scpiaro made up of two 
plane rc‘Ilcotors, inclined at 45*^ to one another, 
woH use<l as an end rollee-tor. (^oincidenoc was 
brouglit about by tilting a rollocdor by ineans 
of a nucroineter. 

Finally, in 1888, Messns, Barr & Btroiul 
iiivciit(Ml their well-known range- Under, which 
embodied in ono instrument so many of the 
features which oxporieneo haa shown to be 
essential for ellieieiiey in a servuso instrument. 

Thus far we have dealt with tlu^ history of 
the coinoideneo or niotiocular typo of raiige- 
linder only. Quite early, however, as we hIuiII 
see, it was recogiuwMl that a sceon<l type, 
dependiug upon tho plastie chara<ster of 
binotiular vision, was possible. 

§ (2) >STIflKKOS(M)I*I<! RaNcUI-S'INDKKS. — III 
hinoeular free vision, objects can be ndutively 
positioned in thes line of sight with V(^ry 
consiclerahlo a<‘.(Mira(\v, but a limit is inipos<‘d 
by the fact that Indore an o!)j€*ct can ho 
storooB<iopieally n^solved, or Ht»en in relief, it 
must have a certain ininiiuuin diinenHton in 
the lino of si^ht, a dinuMiHioti whhdi, aoeording 
to Helniholt'/, must subtend angles at the eyen 
of tho ohscrviw, the sum of which is at least 
(Xpial to one nihnite of This limiting 

angle, it may at once be said, luis boon redueecl 
to 20 secnnulH of arc, and even leas, by later 
workers. Tlu" sum of tliese auglcts, it nan 
easily he Hhowru nuMsu res the (diaiigo in the 
oonv<‘rgeu<n' angle of the HX('Hof the eye when 
dircete<l first at the neariT, then at ihenum' 
remote end <if ihi^ <»l)j('cti; thus, put in 
other words, the Hlatenuuif means that in 
order that two tdijeets at difTi'nmt distaiu^eH 
from an ohserv<‘r shall be seen as at clifftmmt 
distancM'K, the eonvuTgenuM* angU* of the axes 
f»f the ey<‘S must <*hnnge by at. burnt 20" in 
passing from ( me ohjtM't to the oth<>r. 

Now assuming an averng(‘ inter-pupillary 
(listaiu^e of 2J inches, tin* distance' at which 
this iuter-piipillary dislunct* suhtciuls an angle 
of 2(r Ih c( 1 »hI to 2J/ tan 2tr inches, a 
(listaru'e <*f about 7t)l) yards, whilst for an 
objc(d at inlhiity the eonvcrg<‘nc<' angle is of 
eourne zero. Obviously, tlnm, no two objects 
wixieh occur in spac’e outside a spheri' with a 
radius of 700 yards can i»f* Htercoseopieally 
rcHolvecl, f.r. the ratlins of the Mpluwical sterci>- 
Bcopio field of fn'c vision is about 700 yards. 
Nothing beyonfl that turn b«^ seen in rt»lief as 
compared with an olxjeet even at. nn infitiite 
difttaiuie, A imint of light, for instiuiet*, 
beyond 700 yards away csamiot be seen t<» 
be in relud against stars in the sky. 

A<'.cepting the principle of Hclmholtz/H limit, 


it is obvious that the greater tho inter- 
im jullary distance of an observer, the greater 
must be the radius of his stereoscopic field of 
view. Horsehcl and Helmholtz, independently 
of one another, very ingeniously took advan- 
tage of thi.s fact about tho years 1855-58, 
and by optically magnifying the inter-pupillary 
distance of nn observer, gave to him increased 
stereoscopic power. This was done by a 
rel looting system of four mirrors Bj, Bg, Bg, B* 
4). Light from a distant obiect point 
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reaches the*! eyes respoctivoly by successive 
rofleotions from tho mirrom lig and Ri, and 
H,i and Hj|. The offect of this is that tho 
inter- pupillary distance ab Is optically magni- 
fiod to the <li8tnric(,i AB, with a corrosponcling 
iruirease in storooseopio powder. Tho limit of 
now bec(ymcH (20 x AH)fab seconds. Hor- 
schel nnd Helmholtz both i)roposod, further, to 
eomhino tho rnfleeting system shown with a 
binocular tc^lescuipe, and thus obtiiin a further 
increase in tho iiiial convergenoo angle, and 
Hum, it may bo rcunarkod, a further increase 
of tlu^ radius of tlui Hpherical storoosoopio 
llehl of vi(‘W. 

A remarkable rer<‘rcn(‘.o to a stercoseoino 
range-limbu' <»c<!urH as early us 1738, in Smith’s 
A (h)tu-})U'ul oj OplikK^ 'il^he instm- 

m<‘nt an<l its usc^ i.s (loHuriliCMl in tho following 
wouIk ! 

“ Having opened th(' points of a pair of 
cotnpuHM(‘H, somewhat wider than the interval 
«»f tb(' (\vc‘H, vvit.h your arm extcuided, hold tho 
head, or joint, in the bull of your hand, with 
the points (jutwards, find equidiHtant from 
your eyes, and wonitwhat higher than tho 
joint, n’luui fixing your eyes upon any remote 
«d»ject, lying in the line that biHcctH t ho interval 
of 1l»' points, you will firnt porceivo two pairs 
<»f cnnipaHMert (each U^g being douhlcd) with 
llieir inner legn crosHing each other, not unlike 
the (»ld shape of the letter \V. jThe old W 
n'ferrod to was lik<^ two V's slightly over- 
lapping, | But. by eompressirig tlu' legs with 
your haiidH, the two inner pf)ints will como 

* H(m« a Vimjilmt o/ Ojilikf, vol ll. p. 

m. 
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nearer bo each other, and when they uniio 
(having stopped the compression) the two 
inner legs will also entirely coincide and bisect 
the angle under the outward ones, and will 
appear more vivid, thicker and longer than 
they do, so as to reach from your hand to the 
remotest object in view, even in the horizon 
itself, if the points be exactly coincident.” 

We have in the words quoted a very com- 
plete and interesting anticipation of what we 
shall subsequently refer to as the “ wandering- 
mark ” type of stereoscopic range-finder. It 
is, however, to Hector Alexander de Grousilliors, 
who took out a patent in 1893 for an “ Im- 
proved Stereoscopic Telemeter,” that the 
modem instrument is due. The specification 
in question is a remarkable document. It sets 
out the theory of the instrument in the 
following words : 

“Assuming AiAg to be points at which, 
in both fiel(£ of view, an infinitely distant 


images, or pictures, of the objoot may dis- 
placod in a similar way to tht* waiuh ^ring-mark 
in the second typo, to bring the Htc'i’otwoopin 
image of tho object into tho saino plains t hat 
of the stcroi>scopic image of two fix(‘d imirkH, 
one in eacdi eyepiece. 

In effect, in the first type, when a ningt* is 
taken, the pair of corn^sponding scalt* marks 
is selected which has the same iut(M'-(‘y(q)ioc<‘ 
separation as tho two imagt's of oi)j<^ct 
point under observation. In f ho Hccoml t.ypts 
tho wandering-mark is Hdjusic<l to oi>iain f his 
equality of sei>arati(>n ; whilst in t he Ihinl 
typo, one of the i>i(dureR is Iravorsed jku'ohs 
the line of sight until tho Hoparaiion of tho 
two images of tho objt^it point is ma<lo o(jual 
to the fixed separation of tli(‘ two range markn. 

The fixed scales retpiired in the liivt typo of 
range-finder might be produced in t he follow- 
ing way ; 

Let a number of pegs bo driven into tho 


I 
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object A is depicted, and N^Ng to 
be the points at which is (iepicted 
an object N, situated at a finite 
distance E from the observer; the 
difference between the linear dis- 
tances Ag, Ng and A^, Nj, i.e. the 
parallactic difference between the 
image of the one object, situated 
at an infinite distance, and the 


i 





ground st) as to form n st raight lino 
atTOHs an illimitahh* plants anti, 
fuil/hcr, l(*t each pt‘g Ik» rnarkoti 
with its distance from a vortiiih 
place. Now HupptiHo that frtnn 
this })Iace a pair (»f stennwHipic 
jdiotographs of thtw‘ jH^gs art^ tnkt'it 
with a binocular i)risniatic teUwHipis 
from which tlw» octiliirM liavo Lmuii 


other object, placed at the finite distance E, removed, to allow of i)hotogniphic plaf(‘M ladng 
will he . fixed in the two focal plant's td the td>jt'cf ivos. 

AjNa- AiNi = 5 = ~./, Those photographs, after ti('vol<»ptnont. Oftulil 

" be rotumod to the binoeular tf‘ioHt*t>pt' so as 

f being the equivalent focal length of the to occupy the positions that tht'y did tluring 
telescope-lenses, and A the distance between the taking of tho phtdograph, In tilt* fioltl 
their respective axes. of a binocular, ctpiippotl with soalt's prodtict»tl 

“ In the case of two objects N and N', both in this way, and dirt'cttMl t(» a tlistanl landsoaiHs 
of which are located at finite distances E, E' that landscape would ho sotui in Ktort'OHOMpir 
from the observer, the parallactic difference relief in tho tisual way, ntid pussing through 
in the two images will consequently be it, or over it, would llo Hocn. also in relief, a 

n i\ distance scale, to a posititm ah »ng whieli nny 

NgNa -N^Nj g/jA-/-’* object might bo assigned ami its ilistanee tluis 

determined. Stcrcc>se(>[nc scales are' lud, ns a 
FinallyGrousilliers describes and claims three matter of fact, usually prepan'd in tliis wav. 
types of the range-finder, namely : {!) the fixed It is more convenient to <»al<‘ulate and nde 
acede, in which each eyepiece has a fixed scale, them. 

which bears for each range a range mark Fiffa. 5 and (1 ar<^ taken from (iroiisillifCM* 
corresponding to a similar mark on a similar speoifie.ation. Two hrf>ken felescopie syst^uria 
scale in the other eyepiece ; {2) the wandering^ arc mounted in tulx's K-j and stvtms! 
mark, in which a single fixed mark occurs in oollincarly to tho ends of a h<>x.Uki*‘eHMing H. 
one eyepiece, and a similar mark, but capable End reflectors and \\ d<dt<*ef i\w light 
of micrometric displacement in the plane of along the axes of those telewntw'H, wfiil-it 
the mstrament and across the line of sight, reflectors p, rethvt the homm <aitwHrds 
m the other ; and (3) what may be called tho parallel to one anotlu^r, through ('Vephu'CM n, 
wandenng-pwfure type, in wUoh one of the and o,, in the focal phuicK i.f whii-h pip 
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scales and are mounted, the one on tho 
right being movable by means of a micrometer 
R, to effect the necessary adjustment and thus 
determine tho range. Since the telescopes are 
provided vith ordinary erecting systems the 
reflections by Pi, cancel one another, with 
the result that the images are seen erect. 

Grousilliors’ claim for tho fixed-scale 
modification is as follows : 

“An improved kdctneter, consisting of a 
double telescope (which term includes telo- 
storooscopes with an enlarged distance between 
the object-glasses) within the ocular fields of 
which scales arc so arranged that, when vic-wed 
binocularly, they present the imago of a series 
of distance marks extending downwards and 
situated at i)rcdotorminod distances from the 
observer : the image of such scries of marks 
being projected into tho imago or panorama 
of a Iandscai>e, as seen through the double 
tolesoopo, so that the 'distance of any object 
viewed may bo immediately read off the scale 
according to tho point between any two marks 
of such H(^alo to which the object can be made 
to correspond w'ith regard to the visual depth.” 

§ (3) Tiirohy of tur Shout Homu-bask 
llAKOK-riNDRU.— The theory of the range- 
finder is based upon a method — well known 
to schoolboys — for fiu<ling the distance (»f an 
inaccessible objee-t. 

Let A, yigs. 7 and 8, l)e the object, and let a 
rectangle with sides of length b and /, 




be so positioned that the object A is seen 
along the linos Dli an<l K being in line 
with (j and A. With tho ohjee-t A at an 
infinite distance, it would ho sighted along 
tho two parallel lines I)K and The 

length KF, equal to d, say, is therefore tho 
parallactic disi)lacemcnt along the lino 1)E 
of the intorsoction of the line of sight OA, 
whilst BAO is the corresponding parallaotic 
angle, i.a. the angle suhtcnclcd at tho object 
point A by tho base b. 

Now, since the triangles ABC^ and (UOF are 
similar, it follows that R, tho range, equal to 


BA, is to 6 as / is to d, that is, the distance 
of the object A is equal to the product hf^ 
divided by the parallaotic displacement. This 
is the fundamental equation for both coincid- 
ence and stereoscopic range-finders : 



In the case of both these range-finders, b 
represents the optical base length of tho 
instruments, / tho focal length of each of 
tho two telescope objectives, R the range, 
and d the parallactic displacement in the 
common fooa,l piano of tho two objectives 
when tho range-finder scale is set to infinity. 
Tho accuracy of tho range-finder then depends 
fundamentally ui)(>n the accuracy with which 
tho i:>aralla(Jtio displacement d can bo 
nioaaurod, and this in the limit depends on 
tho eye. 

if (4) Tub Acouiiacy of Ranur- finding 

AH DETRUMINKD BY TH R EyR. (i.) OoincidmCS 

Typa , — In this typo tho accuracy of tho 
results depends upon the aligning power of 
the eye, as exomplifiod, for example, in tho 
sotting and reading of a V(^rnier. In tho case 
of tho range-finder, this aligning takes place 
usually across a sharp horizontal line, which 
divides tho field of view into two parts. A 
flagstaff, for instance, that is being ranged 
upon, is seen with its top part, carrying tho 
flag, displaced laterally with respect to the 
bottom. In adjusting for coincidence these 
parts are brought into alignment, so that the 
accuracy with which this operation can be 
done dotorminofl tho accuracy of tho range, 
other things being equal. Tho important 
question then is — given two coll incar straight 
lines in tho iiold of view, through what angle a 
cat! one be moved laterally with respect to the 
other before tho fact that they are no longer 
oollinear is detecjtod l)y the oyo ? For practical 
range- finding purj^oses this angle has boon 
taken oh otiual to about 12 seconds of arc in 
free vision, and the same, therefore, in tho 
imago-space, or final field of view presented 
by a range-finder. There is no doubt, however, 
that under favourable conditions many trained 
observers can work down to an angle of the 
order of 5 or ($ seconds of arc. Further, on 
artificial objects such as lines drawn on 
silvered glass plates placed in tho focal planes 
of collimators, higher accuracy oven than this 
(?an bo obtained — 2 to 3 seconds of arc. 
Now lot (y (Fij/. 8) represent in actual space — 
the object-space — ^tho angle corresponding to 
a in the image-space, then an object accurately 
ranged upon in the position A may move up 
through a distance r, subtending the angle O', 
at the range-finder,^ until tho angular parallaotic 

> Kor tho purpose of Hliupllfylng tho diagrams we 
Imvo supposed ttic object to move up along tho axis 
of on<5 of tho t(‘lcsoopos, 
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displacement in the field of view is eq[nal to 
a, before an object at C can be differentiated, 
with respect to its distance, from an object 
at A. The possible error under these circum- 
stances in ranging upon an object at A is 
equal to the distance r, and it may obviously 
occur in either direction. 

(ii.) Stereosoopic Ty'pe ,. — In this case the 
following considerations apply: If two pins 
be stuck into a table close together, and at 
the same distance from an observer, then one 
pin can be moved backwards and forwards in 
the line of sight through a certain distance 
before the observer can see with certainty 
that they are no longer at the same distance 
away; that is, a certain change in the angle 
of convergence of the optic axes of the eyes 
is necessary in order that two objects can be 
seen to be at different distances. Helmholtz, 
as mentioned above, made a number of 
experiments in this way and came to the con- 
clusion that in free vision a difference between 
the convergence angles of one minute of arc 
was the least difference necessary for differ- 
entiation of distance in the line of sight. Later 
workers have, however, reduced this limit to 
something of the same order as that claimed 
for the coincidence range-finder. We shall 
revert to the question later. 

(iii) GiiinciAtru^e and Stereoscopic Types . — 
We will assume, therefore, that the possible 
error angle a represents (i.) in the case of the 
coincidence range finder, the greatest angular 
parallactic displacement in the field of view 
which can occur without loss of coincidence 
being detected ; whereas (ii. ) in the case of the 
stereoscopic range-finder, it represents the 
maximum difference of the convergence angles 
in the field of view which can occur without 
apparent change of the range of the object 
under observation. 

§ (5) Fundamental Ranob-einding Equa- 
tions. — ^In Fig. 8 the range-finder with base 
length h subtends at the object A the angle 6. 
WWlst the range changes by a length r, the 
angle of parallax changes by an angle d\ To 
find the relationship between these changes, 
the angles d and 0' being expressed in circular 
measure. Now 



and since in any triangle the sides are pro- 
portional to the sines of the opposite angles, 
and in the triangle ACE the angles 6 and 0' 
are small, we have 

GA__0' 

CE“(9’ 

and since OA =r and CE (very nearly) =R, 


Substituting the value of 0 from (1), 
r- j . . . . 


( 3 ) 


Let Pg be the percentage error for a given range 
R, then 



and substituting tho value of r from (3), 


^ _100Rd;' 


w 


Let a be tho error angle, as sot out above, 
for both the coincidence and tho atorooscopio 
types of range-findoi*s, and M tho magnifying 
power of the teloscopic systems employed ; 
then, in tho case of the coincidenco range-findor 
(see Fig. 8), it is evident that the length AC, in 
the object-space, subtending an angle 0\ at tho 
window of the rango-findor, will a])poar to tho 
observer, i.e. in the imago-spaco, under an 
angle M.0' ; whilst in the case of tho storoo- 
Bcopic range-findor, the angles of convergence 
in the object-space, which are f) for tho point 
A, and 6 + $' for the point C, boconio MO and 
M(^-l-<9') rospootivoly, in the imago-space, so 
that the change in tlie convergcnc^e angles is 
equal to Thus for both types, 



Substituting in (3) and (4), wo obtain 
R2a 


and 


P.--. 


■ 6M'’ * 

lOORtt 
bM * 


(r>) 


(«) 


Thus, a, by and M being couHtants, the per- 
centage error varies directly as the range. 

To express 0' in (3) in HcoondR of are, insttMul of 
in circular measure, 

. . . (7) 


Assuming a value for a of 112 Hoconds of arc, jih is 
usually done, equation ((J) onahlen us to forinulat<'' 
a very useful rule, namely, that 

“ Tho poroentago error of any range-finder at ono 
thousand yards is equal to ($ divi(l<id l>,y th<» 6M 
value,” since 

KM) ^ 1000 .;.OOOOfi 
bM 


6 

bM’ * 


. . ( 8 ) 


b being expressed in yards. 

The corresponding error in range r is oljtained 
from 


L-.il 

R~0‘ ■ ’ 


• • ( 2 ) 


” ill' 

'6M. ■ ■ 


. (II) 
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Kno-wing tlio range error r 
for 1000 yards, it followa 
from equation (5) tliat the 
range error for any otlier 
range cxprcsflccl in 

tlumaanclfl of yards, is equal 
to rHiK Thus tlie error at 
KKJO yards being 5 yards, 
tlint at 1(),()()0 yards would 
l)e COO yards. 

A word of caution is, 
perliai>8, n(‘cesflary' here. 
The numeral in equation (8) 
assumes a value of 1:2 secs, 
for the angle a ; but, in the 
opinion of many experlH, 
this angle, is in |)niot-ico 
oonHi<lerahlyg;r(‘ater for tlu' 
Kterc'osoopio than for Iho 
ttoincidenco range - liiitler, 
and (•qiiat-ion (0 ) hIiowh that 
the jx'roentngo error for a 
given rtiiig<**lind(‘r and a 
given rungt* varies dirt'etly' 
as the »uigl(' a. 

I. llKTAtLS OK OON- 
STltUCJTION 

§ (0) Gbnisral Con- 
HTRUCTIOIT OF Oo- 
iNoiDBi^CBi Han OB- 
riNDHitH* (i.) Barr dr 
i'^troifd*a Rimge*fi)uler , — 
If'iga. 9 and 10 nhow in 
sectional cdovation axid 
plan roRpoctiv<dy a 
Biuull Rarr <& Stroud 
o<)iiU‘itlenc<i range- liiwlor 
with a huso length of 
r)0 eni., a mngnin<m.tic)n 
of 7J tiinoM, and Hcnh^ for 
rungt'S froui ilf)!) to 1500 
yards. Tlic oi)tical 
systoTn, nud the j mined- 
[>h 1 hvituroH of tho 
nioclianicoil dortigu 
shown, lire |>ractu‘ally 
idoiitieal with thoHo 
aclopted in iuHtrutiuniiH 
of much gmnter fjovum. 
riio iuHtrumout <u)UHiMtH 
of an outer cylindrical 
tube T, with end tittiugH 
exvrrying tlio winch )W8 W 
aiul Wp and cud (mps 
(^, Q| carrying thc^HUp- 
pemting plaUs for the 
]>riNinH 1* and P,. Tlie 
itiuer tube E, of md- 
angular (srosfl * aeotion, 
onrrioH tlio object ivo» 
(>, 0, and thoHci)arating 
priHiu 1 * 3 , which deiU^etB 
the liglit ontonug by 
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the objectives 0 and 0^ to a common focal 
plane, in which the coincidence is secured 
by observation through the single eyepiece. 
The deflecting prism K slides backwards and 
forwards in the tube E between the O.G. Oi 
and the separating prism P3, to give a vari- 
able lateral displacement to the corresponding 
image, and thus effect coincidence under the 
■ action of a finger button L. The range-sc^e 
S is attached to the mount of the prism K, 
and slides in guides carried by the inner tube. 
The scale is observed through an eyepiece V 
and a system of reflecting prisms as shown. 
U is a condenser by means of which the scale 
is illuminated from the back. 

It is important that any strain of the outer 

tube T should not 

be communicated to ffl 

the inner tube E. " 'Ikri 

To secure this end 

the tube E is fltted IffiTTMlI 

with rings F and Fi, 

the former of which D 


from that already described in several inijiort- 
ant particulars. 

Fig. 11 shows a section of one of the modi- 
fications of this range-finder as originally 
patented in 1904 . Two optical squares of. the 
pentagonal typo are mounted in a tuh(>t T'", at 
a distance apart which determines th<^ base 
length of the instrument. At one eud of this 
tube a telescope of the ordinary terrestrial typo 


p 

t 

d 



r 



t 


jj ^ 

u 



carries, at approxi- 

mately 60 ° apart, two fixed radial pins G 
and a spring pin H, engaging with the 
inner surface of the outer tube. By this 
arrangement the tube is left free to move 
longitudinally whilst secured co-axially with 
the outer tube. Tbe second ring Fj carries 
on its lower side a cup, which engages with 
a stud I, whilst the upper part of the rim 
carries a longitudinal slot, which engages with 
the stud J. The stud I prevents longitudinal 
displacement of the tube E, whilst the stud J 
prevents any lateral displacement of the axis 
of the tube E. 

The adjustment of the range-scale for an 
object at infinity is obtained by rotating in its 
own plane the window W, which is in the form 
of a weak refracting prism with its refracting 
edge horizontal, by means of a finger pinion D. 
The prism P is clamped to a plate A, secured to 
the base-plate B, carried by the end-cap Q, 
by screws 83 and 83, which permit of a rocking 
motion of the plate A and prism P with respect 
to the plate B, about an axis passing through 
the points 83 and S3. The forward part of this 
plate A can he raised and lowered by means of 
a screw Si operated by means of a finger 
pinion 0, to raise and lower the image in the 
corresponding partial field of view and thus 
effect the “ halving ” adjustment. This ad- 
justment secures, when coincidence has been 
effected, that the image on one side of the 
separating line is a complete reflected image 
of that on the other, or, in the case of a circular 
object, like the moon, that the image is single 
and circular. 

(iL) Coohe <So JSons' Range-finder. — Mr. 
Dennis Taylor, of Messrs. Cooke & Sons, has 
done a large amount of work in the develop- 
ment of a type of range-finder which differs 


is shown. The optical squan^H aro mountiwl on 
different levels, so that the light rays from a 
distant object, passing into tlio iiiKtruinont hy 
the reflector S', enter the upper half of the 
telescope object-glass 0 only, whilst light 
entering by the reflector 8® enters the teleseoiK) 
by the lower half of the ().(b In this my, in 
the example shown, two picitures are projtndK^cl 
simultaneously into the focal plane of the eye- 
piece, which overlap to an extent dcqxMiding 
upon the adjustment of the instrument tnul 
the distance of the object. The H(iuanw l»rung 
angle-true and adjusted parallel to one another, 
the images of an ohjee.t at infinity wonhl over- 
lap and coincide, wherea.q under tlie same eondi- 
tioms an object at a short (Ustianec^ would give 
two images, the separation Ixung <Uqxmtlt'nt 
upon the range. To bring about coint-idenee 
of the two images given in gcnn^ral, two w^<»ak 
achromatic prisms P' and P® are <uni)loy<Ml, the 
first P' being fixed in position to give ininimtun 
deviation to the rays passing through it from 
the square ; whilst the second prism is 
adapted to rotate as shtjwn about an axis 
parallel to its refracting edge by nutans of a 
sector L and worm W. The light refh'cttxl hy 
the square S' passes through the prism and 
the light roflo(^tecl by the scpiaro K* pasMi^s 
through tho prism P^. In use, thereof oix*. the 
worm W, which carru^s <‘.o-axially th<' range 
drum D, is rotated to swing th(‘ prism P* 
through tho angle necessary to mxMire co- 
incidence of the two imag(‘H in the li<4(l of 
view. Thus tho range is d(‘t<u*min(xl an<l 
indicated on the drum I) dinx'f-Iy. 

As an indication of tlu't sensitivencKH of (his 
swinging prism micrometiT, it may be Htat<xl 
that a prism producing a minimum <levuition 
of 2° has to bo swung through an angle of 
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about 30°, to incroaso the doviatiou by If) 
minutes of arc. One important advantage 
claimed for the swinging prism over the sliding 
prism is that it gives a much more open scale 
for long ranges. It must, howtwer, be mounted 
in a parallel beam : in a vorgent beam it spoils 
the definition. 

In a later modification of the Cooke 9 ft. 
naval rango-lindcu-, patented in 1020, sovoral 
features of novelty are introduced. The end 
optical squares retlect in opposite directions, on 
to superposed 
cross mirrors 
mounted near 
the middle of 

the rango-lindor, from which mirrors 
the light beams ])aHs, parallel to 
their original din^etion, t(,) a single 
mirror, mounted to direct l)oth l>eani8 
into a single teh^scope, whitdi is in- 
clined at an angh^ of 4“)° to the axis 
of th(\ range-fimlc^r, but bn)k(’in by 
an (M-(H‘.ting prism system, which 
finally directs the light to tlu^ eyo- 
pu^(H^ in sucli a dinu^bion that the 
ol)serv(^r looks in the direction of 
th(^ object being ranged upon. 

Two simtiltaneously ojxu’atod 
swinging coiiuddonee prisms are 
oinj)ioyod, one behind ca(5h of the optical 
wpiaroH. To prevent the intrusion of light 
from one partial field of view to the other, 
an ingenious “ halving grid is employed. 
This consists of a number of strotohcnl 
thretvds or cords mounted side by side in 


it is rofiected back again to tlu‘ telc^scopc. 
iShould the axis of the square not 1 k^ normal 
the imago of the fulucial mark is seen displace(l 
with reH])ec^t to tlic fiducial mark itat^lf. The 
necessary ad justmoiit having boon made, paral- 
lelism of the axes is clTected simultaneously 
with any necessary adjustment for halving. 
Several advantages arc claimed for this 
modification, as compared with tlie 1904 
range-finder : 

(1) Coincidence of the imagers can bo ob- 
tained for 
all raiig(‘s 
across tlu^ 
f i (ri d of 

view. (2) ^riie light paths for the 
two en<ls are shorter ami more (Mpial 
in length. (3) Adjustments for 
])arallelism of tlie ax<‘s of tlu" l.wt) 
optical .s(piar(‘H in tlu^ way refernxl 
to abov(‘. (4) (Jreatei' light-gather- 
ing powiM' — fiO per (x^nt great(w than 
the older rang<‘-liiid(M*. (f)) Atnuiracy 
of range nwlings ind<q)end(uit of 
bending or buokling of tlie tubes in 
a hormontal plane. 

(iii.) (k)/itine)ital Patterns , — The 
e<)i!ic‘.i<lence rango-linders as ma<le on 
tb(^ (Continent, by Zeiss mid others, 
do not vary suhstantially in general design 
from those made in Englan<l. A varialfie- 
power deflecting prism, mounted in a paralUd 
ixMim of light, is, however, usually substituted 
for the travelling prism of the Knglisli range- 
finder, although the latter too is einpl()ye<l. 




Via. in. 


a plane coutaiiving tlx^ a.xis of tlu' t(>le- 
seop<^ (uufii thn^ad being at right angles to 
tliat axis, fi'his grid piuetieally (extends from 
tlu^ objeet-glasH to th<^ eyepiece, thus dividing 
th<^ teles<u)[x^ into upper aii<l lower halves. To 
obviate the w^rious and unHuspo{^ted errors 
which may arise from the fact that the axes 
(virtual meeting edges) of the end sipiares are 
not parallel to one another, and normal to tlio 
plam^ of triangulation, an anto-e.ollimating 
telescope is mounted within reacli of the 
oliservi^r, by means of which a beam of light 
from a lidurial mark in the eyepiece ean ho 
dire(de(l to om^ of tln^ opU(<al squares, by whmh 

voii. rv 


(iv.j Modern fiarr Stroud 
Fiff. 12 show's Barr $c Stroud 9 ft. base 
naval range-finder with \vhi(4i the^ British Kleet 
W'liH e(juii)p<xl at the battle of .lutland, liie 
rang(^-ilnd(^r itsiif, fitted with hearing rings, is 
adapted to rotate about its own axis in Imarings 
(‘arrietl by tlie upper (m<ls of the “ Y,” which 
is free to rotate* about a vc^rtiiuil axis und<U' 
the action of a hand-w'heel. Adjustment in 
altitiulo is effected by means of a radial liandle 
seen on the left of the support, 

Vinnlly, Firf. 13 represents a monster eo- 
ineideium range-finder of 100 ft. base wiiichhas 
boon constructed by Messrs, Barr & Stroud 

2 T 
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for purposes of coast defence. Optically the 
instrument is practically identical with that of 
smaller base length. For the purpose of com- 
parison the man in the centre of the figure is 
shown using the smallest range-finder with a 
base length of 30 in. 

§ (7) Stereoscopic Rajtoe-finders, Gen- 
eral Construction of. — Figs. 14 and 15 
show diagrammatioally, in plan and elevation 
respectively, the optical system of a typical 
stereoscopic range-finder, invented by Carl 
Zeiss in 1907. The end squares a' direct light 
through telescope object-glasses 6 to right- 
angled roof prisms c\ which deflect the light 
into the focal plane of the object-glasses, in 
which two fixed stereoscopic marks p occur. 
These marks are in the focal plane of eyepieces, 
each of which consists of a pair of lenses d and 
e, between which a rhomboidal prism J occurs. 
A ray passing outwards through the eyepiece, 


left ocular. The imago thus produced should 
superpose on the real mark. It Avill bo noticed 
that, in this adjusting arrangement, each 
objective acts as a collimator for its corre- 
sponding stereoscopic mark. In operation, 
therefore, the light from one of the marks is 
collimated by its corresponding object-glass, 
from which it passes as a parallel beam to the 
second object-glass to bo brought to a focus in 
the focal plane of the other mark. Thoao 
adjusting arrangements will bo found dealt 
with more fully below. 

(i.) Forbes Range-finder . — One of the pioneers 
of the stereoscopic range-finder in this country 
was Professor George Forbes. In 1901 ho 
patented a range-finder constructed of two 
separate parts, namely, a portable base having 
a . set of reflectors rigidly fixed to it at each 
end, and a binocular field-glass. In the a])- 
proved form of the instrument the wondor- 



therefore, suffers reflections as shown by the 
surfaces of this rhomboidal prism, with the 
result that a lateral displacement of the ray 
occurs. By simultaneous rotation in opposite 
directions, therefore, of the eyepieces about 
the axes of the lenses d, the separation of the 
two eye lenses e can be adjusted to suit 
individual observers. It will be noted that 
this adjustment is secured without any altera- 
tion of the distance between the two stereo- 
scopic marks 

In this instrument, which is of the wander- 
ing-mark type, the necessary lateral displace- 
ment of the picture produced by the right 
telescope is effected by the axial displacement 
of a prism g\ To detect readily any defect in 
the infinity adjustment, a subsidiary optical 
system is employed to project an image of 
each of the marks d into the plane of the other 
one. Light, say from the mark p on the right, 
is reflected by the prism c' to the object-glass b, 
thence- by reflection by a prism l\ on the right, 
to a similar prism V, on the loft, and finally 
through the object-glass 6, on the left, to the 
prism c', and thence to the mark d in the 


ing-mark was adopted, namely, a fixed lino in 
one eyepiece combining steiT><)HC()])ically with 
a similar line in the other oyopiooo traversed 
laterally by moans of a micrometer. The 
marks employed were “i>ioturoH of ordinary 
objects such as a balloon as shown, the ends 
of the trailing ropes marking the centres of 
the field.” important advantage was ob- 
tained by the use of this balloon mark. The 
observer naturally brought it over the object 
being ranged upon, and thus in many cases 
avoided the psychological difficulty, which so 
often occurs in storooscopic range- linding, of 
being compelled to see the scale, as if beliind 
an object, such as a brick wall, known to ho 
opaque. 

In a second specification, taken out in 1903, 
fixed marks are employed in the focal planes 
of the eyepieces, and one of the pictures is 
displaced laterally with respect to the other 
one, by means of a rotating prism, to bring 
up the stereoscopic picture into the same plane 
as that of the imago of the two fixed marks. 
This type, however, as we have soon, was 
described by Grousilliers. 
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(ii.) Zeiss Submarine Range-finder. — The 
3-metro base steroosco])io range-finder made by 
Carl Zeiss for use in submarines probably 
represents the highest development of this 
typo of instrument. The range-finder -per se 
is contained in a horizontal tube, which forms 
the horizontal branch of a '' T,” the vortical 
branch of which represents a periscope passing 
into the interior of th(> boat through the 
dock. The two pictures of external objects 
are projected upon stereoscopic graticiil<\s, 
mounted close together and parallel to one 
another, transverse to the axis of the range- 
finder, and near its middle. The images in 
the planes of those graticules, and the range 
marks, are ])rojocitod by nuians (jf a bino- 
cular pcriscopic syshmi into the fo(!al jdanos 
of a pair of o(julars at the lower end of 
the vertical tube. The <)i)tical systoni em- 
ployed for the range-finder is comparatively j 
simple in character. Jfight ent<^rH by the win- 
dows and i.s reflected along the tuluv in opposite 
direc turns by the usual optitial Hcjuares, each 
beam being brought to a focus in the plane 
of its corresponding graticule by a lojig focuH 
Urns of the ttdescojK^ obj(H*t-glaH.‘< tyi)e. These 
graticules are fi.xed aft<‘r being aeijusted, and 
the final Ht('reoHC{)j)ic ])u^ture itself is caused 
bo wander,’' l.e. move bac^kwards and for- 
wards in the line of sight, for ranging. In onci 
half of the tulw a weak refracting prism is 
mounted to slide backwards and forwards, 
along tlie axis of the tulx^ between the object- 
glass and the graticule, f(»r the purpose of dis- 
placing laterally the image se<m in the corrt'- 
Hfumding ocular, for the purpose of bringing 
about that adjustment, or wan<lc‘'ring of the 
stereoscopic image in tho line of sight, necessary 
to bring it up to the fidiwial mark — tho crossing 
point of tho two linear ster<M)SCj<>pui scales. In 
the other half of the rangci-fintler, a plane - 
parallel plate is inoiinUxl Ix^tween tlu^ object- 
glass and tho graticuhs as so to tilt about a 
horizontal and transviU’se axis, for tho purpose 
of raising and low'ering the pictun^ in th<' 
oorniiKpoiiding ocular, to bring it to th<^ same 
vertical luMght as the i)ictur(\ wifih whiidi it 
has to be sten'oscopically fuK<‘d, 

I)irc(jt observat.ion of tlu^ graticules being 
impoHsibh^ the range-lind(*r is eoaibined with 
a binocular [x^riscopic system, with the aid of 
whiidi the grathudes can be (d)serv<xl from a 
position insitlei the sulmiarine. Kor this pur- 
pose a ])air of optu^al squares are mounted 
botwo(Mi the two graticules to fac(^ in opposite 
directions and (h^flect the beams of light f)aHsing 
through the graticules at right atiglos to tho 
rango-finih^r, and in a horizontal plane, each 
beam being again n^fleoied vertically down- 
wards, through a collimating Ions, and 
inf.o a tekw^ope l)y which, finally, an image 
of tho corresponding graticuile is ]>roHentod 
to tho observer. This periscopic system is 


duplicated for tho second half of the range- 
finder. 

§ (8) HErai-iT-FiNDERS. — Tn tho early days 
of tho W'ar tho need for a height-finder a.s an 
auxiliary to anti-aircraft guns was rccoguisod. 
Many tentative solutions of tho problem werii 
proposed from time to time, but the final 
solution, resulting in tho provision of an 
eificient sh(irt-baso service instrument, was due 
to Messrs, Barr &; Stroud in 1017. 

In ranging on an a(‘roplano, a horizontal 
range-finder is rotated alxmt its axis to elevate 
the line of sight and liring the aeroplane into 
the field of view. Coinci(lence is then efTecteil 
and tho range determined. It will be observed 
that in this operation we have got tho two 
necessary elenu'iits for solving tho right-angU‘ 
triangle defined by the observer, the targ<^t 
(aoro])lane), and a })(>int on the ground im- 
mediately Ixdow th(^ targ(*t. 'Phe range giv(‘s 
the hypotlnmuso of this triangle, and tlie luigh' 
of elevation, or sight., om^ of tho acute angles. 
With these two (^kumuits, it is a simple sjide- 
rule problem to detcTmino either the height 
of tho aoroplano above tlie grouml, or its 
horizontal range, that is, tlu^ distamte from the 
observer to th<^ bottom of the ])er|)(m<Ueular 
dropped from the aeroplane. This was tho 
principle^ upon wliich some of th(^ first hoight- 
iinders w<M*e ({onstTiicted. One of the scales 
of the rangt^-findor was ojicrated more or 
loss automatically by the motion iu altitude 
of tho rango-lind(M', to sot off tho logarithm of 
tho sino of tlu^ angle of sight, and thou, by 
j a haud-soi.ting of tho range, the equation, 
log II log It I log sine angle, was solved and 
j tho height 11 determined. All these arranges 
j monts, however, gave the rang(^ primarily, so 
i that HO long as the range of tho target was 
! altering eoustanf. adjustment of the working 
I lumd was noex^ssary. What was wanted was an 
; iuHtrunumt tho conHtant-coinei(lonc(^ surface^ of 
j whit^h was not a homisplun’o, as in the raugo- 
' finder, but a horizontal plane— a height-llnder. 

I (i.) Jiarr Stroud. — In JbitT 8c StroiuPs 
‘ fipeedfications the invention tU'seribod gives 
' both ranges and height automatically. It con- 
I siHts of a known rang(^-lhul<»r of thc^ ooinoidonoo 
' type^ HO modified as to function also oh a 
^ h(Mght.-finder. This in elTo(^t is carried out by 
fitting tho rango-find<\r with an automatically 
o])erated slides rule. Tho two sliding parts are 
oonstrainocl to move, one proportionately to 
tho logarithm of the range, and the other 
proportiouatoly to tho logarithm of the sino 
of tho angle of sight. Tho luught can thus bo 
road olT dinht^tly. '^Phe motion of tho adjusting 
head of th(^ range-finder and the elevation of 
tho range-finder are transmitted to the sliding 
HcaloH through the medium of logarithmic 
toothed gearing. 

Tho working head is transferred from tho 
range-finder to tho hoight-indicating attafdi- 
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ment, so that the instrument acts primarily carrying the height- scale, and also — on a radial 
as a height-finder. No manipulation of the shaft — the jockey wheel d, which gears with 
working head, therefore, is necessary, so long the upper and lower members of a difej‘ential 
as the target under observation retains its pair of spur wheels g and //.. The upj)or 
height. member g of this pair is driven directly from 

Mg, 16 shows the range-finder, with a base the elevating head b, through logarithmic spiral 
length of two metres, mounted on a tripod gear which gives to g an angular dis])laconiont 


proportional to the 
logarithm of the sine of 
the angle oi sight. The 
jj lower member h of the 
diffoi’cntial pair carries 
the range-scale, and 
is geared up to the 
deflecting range-prism 
through a clutch, not shown, so as 
to have an angular displacement 
proportional to the logarithm of the 
range. 

It will 1)0 soon, then, that so 
long as the elevation of the range- 
finder is not changed the ui)por 
wheel g remains fixed in a position 
with an angular clisi)laceinent pro- 
portional to the logarithm of the 
sino of the angle of elevation. The 
operation of the working head, to 
secure coincidence, under these con- 
ditions diives simultaneously and 
proportionately the wheels / and //, 
and thus also the height- and range- 
scales. Those conditions are realised 


stand, upon which it is rotated about a 
vertical axis by the operation of a two- 
speed hand- wheel A. The ojjeration of a 
second hand ■ wheel B rotates the range- 
finder about its own axis to elevate the 
line of sight. Coincidence 
is maintained by the work- r 


by ranging on a target flying away 
from the observer along a straight lino. With 
the working head fixed, the elevation of the 
instrument operates the upper wheel g, and 
also, through tho joetkoy wheel d, the lower 
wheel /i, and thus the deflecting prism and 


ing head C, whilst D is a 
finder. 

Three observers are re- 
quired: the first looks into 
the eyepiece E and operates, 
as req[uir6d for the main- 
teuanoe of coincidence, tho 
working head C, and tho 
hand-wheel B to direct the 
line of sight in altitude. 
The second observer uses 



the finder D and is respon- 
sible for the training of the 
range-finder by means of the hand -wheel A. 
The third observer reads off the height- and 
range-scales. 

The instrument is essentially a range-finder 
with a gearing attachment, as shown hy J^ig, 
17, which automatically, as the target is kept 
in the field of view and coincidence maintained, 
indicates the height and range. The end of 
the shaft of the working head a carries a 
pinion e, which gears with a bevel-wheel /, 


Fio. 17. 

the range-scale. Since, however, the wliocl / 
remains fixed, tho height-scalo is unaffected. 
This represents tho conditions of use when 
the target ranged upon is moving about in a 
horizontal piano. 

(ii.) Mottenburg and Willnn . — An in.gonif>u8 
optical solution of tho height- finder problem 
was patented by Bottenhurg and Will an in 
1916. By this invention a second prism is 
combined with the deflecting i)riflm, and tho 
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two prisms rotated equally and oppositely, 
about the axis of the iiiHtruniont, by the 
adjustment of the instrument in altitude ncees- 
Hury to keoi^ a tai\^ot in the field of view. 
The result of this arran<^enient is that whereas, 
in the ordinary Barr & Stroud range- finder, 
a simple defloctinf? prism of constant power is 
om])loyed, in Kottonburg and Willan’a inven- 
tion a varia])lo-j)ower ooincideiu'e prism is 
employed, the iiowor of which is siudi a function 
of the elevation, or angle of sight, that the 
instrument is ada])1»e{l to operate as a ludght- 
finder; no operation of the working h(wl 
being necessary so long as the targcit rcunains 
at the same height. 

IL OmoAL Elemknts of the 
Kano K- FIND WR 

§ (0) End Rbflecitokh : OmDAn Squares. 
— In the early days of tlu'i rang<‘ • finder, 
plane-rcflectoi’s, or right-angle t<»tnl- reflecting 
jirisms, wore employed ns end rclU^ctors, 
but these forms worn oj>en to the serious 
objection that any luniding of the frame 
of the rang(‘-findcr in a hoit/ontal plane, 
due to uncipial heating, for instance, caused 
th(‘so end lelleutors to turn in efTei'.t about a 
voiiioal axis and thus alter the angle through 
which the rays wore dofleoted ; arui it was not 
until these reflootors were repluoivl by ojitioal 
squares that the dilliculty was overcome. 

When a ray of light is rtdlcclod in succession 
by a pair of piano roflocUng surfaces, as in the 
case of tbo si^xtant, tho angle through whiidi 
the ray is (Uwiated is eipial to twkic the angle 
inc-huled Ix^twtson the reflectors, ho long as tlu* 
reflections take plac(^ in a ])lanc at right angles 
to the meeting <wlgo of the reflectors. If then 
these redoetom are iiusliued at an angle of 45'* 
to one another, the deviation pro<lu<xMl by 
sueei^ssive reflections is equal to a right angle, 
and w<^ have an ojithuil s<{uan^ ; tliat is, an 
optical ilevicc whk'h gives us an angle of 
deviation whu^h is indcipiuident of the aiigU' 
at which fh(‘ <Mif(u*ing ray strikes tlu^ (imt 
ri^flecting Hiirfac(‘, The end relbxitors of small 
ranges - linders an* now, almosf. invariably, 
oj)ti(*ul Hijuan^H ma(l<i from a single pontagouaU 
shap(?(l block of glass. In usis any givcm ray 
pussies through tii<^ (uitrauci* hice practically 
normally, ami aftt*r int<*rnal relUaTtions at tin* 
two bounding surfacuis nuading at an angles of 
4f)‘\ passets through tlie t^xii Uuh\ again praeti- 
cally normally, with a d(»viation of a right, 
angle which is iridepen<I(mt of any small 
rotational disphuxmK'nt of the f)riHm in its 
own i>lane. The <'.onditionH of aecuraoy for 
such a sipiare are (1) homogeneous glass; (2) 
refhuding uurfatses inclined at an angle of 45** ; 
and (H) plane entrances and exit faces, meeting 
un<l(*r an angks of tK)*' in an edge paralh*! to tlu^ 
meeting edge of the two rotle(!tiag surfaces. 


Sucli s(piaros in large si/x's IxHjonio iinj)racti- 
cablc, mainly on acooniit of the loss of liglit 
incurred by absorption, so that considci*ablo 
attention has been devoted of late years to tho 
designing of optical sciuares comprising two 
])lane reflectors, tlie iiiclude<l angle of which 
shall be maintained w'ith gmat accuracy, in 
spite of bonding stresses and teini)eraturo 
changes. Mr. J)cnnis Taylor has ])aid ])ar- 
thuilar att(uition to this subjend., as will be seen 
by reference to his various patents. 

§(10) DdkDKOTINC} WvSTEMS for ('OINOID- 

lONCE JtANon-FiNDERS. — The following oplic-al 
micrometrical devices for ene(ding (^oincid<uico 
have been used, but t.lie limt three are now 
those commonly (Mnpl()y(*<l : 

(a) A longitudinally travelling prism in a 
convergent beam, /.c. Ixdween tlx^ tclcH<iopo 
0.(1. ami tlm separating prism (Barr >Stri>u<l 
ami otlun's). 

{h) A tilting prism in a para.ll<4 beam 
(Taylor). 

(r) Oppositely rotating prisms in a parallel 
beam, aeting as a variable'- i>ower prism (Zeiss). 

((/) Rotary end refhxstors. 

(c) .Lat(‘rally dispbux'd objec.t-glaHH(‘H, 

(/) A tilting i>lanc- parallel platc' of glass in 
a convcrg(‘nt beam. 

((/) .DifTerenily magnillod images brought 
into eoineidcncc by the rotation of tho rango- 
limlcM* about a verti(xil axis ( Eppenstoin). 

Tho lirst of th<w^ sysUmis has tho grcwit 
merit t)f simplieity, and loss liability, thorefow, 
to doningonuxit. Tho prism itself, as has 
already bo(*n pointed out, carru^s an ivory 
scale some stwen or <'iglit hudu's in length, 
graduaUsI in rang('H whiedj are read olT o[>posito 
a special eyepiece providtxl for the purpose. 
In the s<'eon(l syshun the advantage of a more 
optui Hcah^ at long rangers is st'cured. Ju the 
third system two w<'ak prisms are mounhxl, 
fac'e to face, betwixm th<' oml sciuares and tho 
0.(1. ’s, so as to r<»tate ecpially and oppositely. 
In this way a variable' (h'fh'c.ting prism is 
obtained which [)roduecH deflections in a 
horizont.al plane only. This system is open to 
the def(*ct that, ilui maximum delUxding power 
of th<* combination is obtained by a rotation 
through 180 (h'grces only, of the prisnis. This 
<liflioull.y has boon, to some extent, overcome 
in th(' Zeiss rango-iiniler by the intnxl notion of 
a multiplying system of gear wheels, whudi 
gives to a circular range-scale an angular dis- 
plueement. i)raeti<udly twice tiiat of tho dofloet- 
iug prisms. 

In t he ordinary eoiiundonee range-finder it is 
important tliat tho two images brought into 
coinewlmioe shouUl be magnified e(]Ually, 
otherwise difToront range- readings will be 
obtaimxl af'cording as th<' eoinciclence hapj)ona 
to be mad(' near the middle or towards tho 
ondsof tho sepurating line in the field of view. 

In a now typo of range-finder, introduced 
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within the last few years by the firm of Zeiss, 
and invented by Eppenstein, the two images 
are differently magnified ; so that as the 
range-finder is rotated about a vertical axis, 
the more magnified image moves more rapidly 
across the field of view than the less magnified 
image does — starting behind it, it may be, 
catching it up, and then passing it. From this 
it follows that for every range between infinity 
and the minimum range required, there is one 
place, and one 
place only, along 
the separating 
line in the field 
of view, at which 
coincidence of 
the two images 
can occur. A 
range-scale is 
therefore drawn 
along the separ- 
ating line, ex- 
tending from 
infinity on the Pkj. is. 

left to the mini- 
mum range required on the right. In ranging 
on an object, therefore, no adjustment is 
required beyond that of rotating the range- 
finder about the vertical axis until the two 
images of the object being ranged upon are 
seen to be in coincidence.^ 

§ (11) Astigmatisers. — When the object 
being ranged upon is ill-defined and illuminated 
in patches, or a point such as a searchlight, 



telescopes and its focal ])lHne ; its function 
being to deflect the imaging conos of rays, 
which it receives from the ends of the rangti- 
finder, at right angles into the (Joimnou focal 
plane of the eyopieoc and the two ohj(‘(^tiv(^H, 
with fine and sharp boundary linos b(^twcon 
the partial fields, and at the sanio time giving 
to the images in these iiclds the (Ic^sired 
orientation. An ideal separating ])riHm woiild 
give a field of view with an invisible dividing 
lino when dirwtted 
to a (dc^ar sky. 
In early forms of 
range-finders the 
Bei)arating ])rism 
consisted simply 
of two rectangu- 
lar i)riHms supor- 
po«o<l as shown 
by Fig, 18, the 
light from the 
left winch >w pro- 
dneing an imago 
Pm. 19 . in the upper part 

of the field, and 
the light from tlit^ right window })roduomg 
similarly the image in the lower ]>art of 
the field. Another simpler arrangeimuit is 
shown by Fig, 10. Tlio two prisms an‘ 

placed edge to edge as sliown, with Ihc^ 
result that the field ia dividod by a vertic^al 
line instead of a horiisontal one. In both 
these cases, however oareduUy the prisms may 
be made, the dividing lino is shown to bo very 




Pig. 20. Pig. 21. 


astigmatising systems are interposed in the ray 
paths on both sides of the instrument. This 
system may consist of a pair of negative 
cylindrical lenses, with axes horizontal, which 
can be thrown at will into the ray paths. The 
action of these lenses is to draw out the image 
in the eyepiece into vertical streaks across the 
separating line, when coincidence can be 
effected in the usual way. 

§ (12) Separating !Prisi4:s. — ^The separating 
prism combination is perhaps the most import- 
ant optical element in the range-finder It is 
situated between the object-glass of each of the 

\ information on the calibration of the range- 
scales for instruments of different types see below 
§ (16), etc. ’ 


rough and badly illuminatwl when viewcal, iiH 
it is, in the range-finder, with an eyepic'ec^ 
magnifying from 11) to 12 liinoH. 

In the separating prism systcun employed in 
some forms of the Zeiss rangt‘-lind('r (w^e Fign, 
20, 21, and 22), two prisms are (^emt'ided to- 
gether with the. surface of (toniuet silven'd, 
except for a small rectangular opcnnng showti in 
plan view {Fig. 20). This rocjtangular opetiing in 
the silvering occurs in the <^onim<»n ftjcal plane 
of the eyepiece and the tolt^scope ohj(*et- 
glasses. Light from the right eyct <»f the 
range-finder is totally reflected from two fat'es 
of one of the component j)risnis, jvs shown by 
Fig. 21, and then from the silvered inter-fat*e 
into the eye of the observer. Any light, how- 
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over, which falls upon the unailvorod I'oot- 
angular opcnirig ])assos through it and aw^ay. 
Light from the left eye of thc% range-finder, after 
being reflected from the roof faces of the second 
component prism {see Fig. 21), passes vertically 
upward until it reaches the inner face, at 
which part is stopped by the silvering and part 
posses through the recLx-ngular opening to the 
eye of the observer. The jiictiire in the field 
of view, therefore, is for the most part ])roduccd 
hy light from the right oyo of the range-tinder, 
hut tlic narrow rectangular opening seen in the 
middle of this held ()f view frames a picture 
due to light from the loft oyo only of the range- 
tinder. A small subsidiary prism cemented 
into the angle on tlu^ right, between the two 
main component prisms already rcf(‘rrcd to, 
serves to reflect the range-scale rea<ling into 
the floUl of view. It will be seen that sinco 
the small reetanguhir opening in which one 
of the partial pictures appears is formed on a 
prism facio, wliioh is not at right angles to the 
oj^jtical axis of the eyepi<Hie, it cannot bo 



fooussod up simultanoouBly throughout ilB 
entire length. This is a defect. 

F'ig, 2;l shows, in side elevation and plan 
respectively, om^ of the various forms of eye- 
piece prism systoniH used by JMcssrs, Barr 
Stroud in their range-finders. The toj) prism 
roooivea the light from the left eye of thti 
rango-findor, and the bottom prism a<^tH 
similarly for the right cy<u>f the range- finder. 
Tho ray L, shown as a full liius enters the top 
])riHin and is r<^ll(Hd(Ml at 1, at right angUw in a 
forward direetion timt is, away from the i 
observer - -and in the hori/.ontal plane. It is | 
again r<*fle<‘t<‘d at right aiigU's info a <h>wnward 
dir<M*iion at 2, ultimately being relloetod at II 
to th(‘ H(‘i)aratitig i)rism A ; th(' horizontal 
dihedral edg<* of w’hieh, forniC'd by the meeting 
of the two prism fac'es at an obtuso angle, is in 
the common foenl filaiK’s (d the eyepiece an<l of 
the t(deHeo[)e objetdivo, and forms the fine 
separating line iti the field of view, All rays 
from the left eye of the range-finder fall upon 
tho tw<j faees of tlu^ separating (iriflin, but it is 
only those falling upon the lower face which are 
r<‘fra<!t<Kl through the opening in the <linphragtt» 
to the eye of tho obaorvor. Those' rays whieh 
fall ui>on tho face arc' refracted tis shown 
by the long-and-short dotted line so as to be 
stopped by the diaphragm. Kays reaching the | 
separating prisms from tho right eye of the 1 


range-finder ixve dealt with in a similar way, 
but, in this case, the rays falling upon the uppt^r 
face of the ]>risin are tho only ones whi(?h 
ultimately roach the eye (►f the ohservor — 
those falling upon the lower face are refracted 
HO as to be stopped by the diaphnigm. In, 
this way tlu^ separating prism acts to divide 
the field of view into two parts, the upper one 
of which receivow light fix>inL tho right eye only, 
whilst tli<^ lower part of the field rooeives light 
from the loft oyo only, the two partial holds 
of view being separatetl hy a lin(» sharp lino. 
A oompouml cylindrical lens B can be thrown 



Side Elevation 
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into the ray paths at will to a«tIgniati«o the 
final obwuwcHl image. 

§(111) HTKUKOH(’oi»ro In the 

XeisH in strum ents, eneh graticmlo of tho pair 
used in instniuiontH of tho fixed-Hoalo type ha-n 
n number of range-markH, which aro numhorod 
at intervals and iirrauge<l along a zigzag line- 
\yheii t.liewc s<^alos nr© oonubincd visimUy, a 
Hinglo Hti^moseopie nwigtvscale is Hccn, which, 
Hlarting in the foreground of the picture, 
oxtemls away from the tibservcr indefinitely, 

Kor tlie wandering-mark type a pair of 
Hirnilar marks, on<' in each graticule, is em- 
ploywl. In later instnimentu, however, especi- 
ally those of tho wandering- picture type, each 
of the gratic?ulo« bc^ars a number of range- 
marks (arrow -heads pointing downwards) 
arrango<l in two straight lines, approximately 
horizontal, but crossing one another at the 
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middle, at an angle of about 10°. These 
scales, wlieii visually combined, present to the 
eye two overhead linear range-scales, each 
starting near at hand and receding into the 
distance ; but whilst one is seen bearing away 
to the right, the other appears to bear away to 
the left, so that at a mean distance they appear 
to cross, the crossing point having a common 
range-mark. In observing with this type of 
range-finder, the deflecting prism is adjusted 
until the object being observed is seen to bo 
at the same distance away as the range-mark 
common to the two scales at their crossing 
point. This design of graticule was invented 
by Zeiss about 1908. Greater accuracy when 
ranging on isolated objects is claimed for it 
over that obtained by the use of two single 
marks only. 

§ (14) /Range-scale Adjusting Apparatus 
POE Bange-pinders. — In an instrument like 
the range-finder, which, under the severe 
conditions of use, is called upon to work at 
such a high order of accuracy, it will be 
readily understood that the maintenance of 
the various parts of the instrument in correct 
adjustment is a very severe problem for the 
designer and manufacturer. So far as the 
range-scale is concerned, the instrument can 
always be tested and adjusted when very 
distant or celestial objects are available. It 
is then only necessary to direct the instrument 
to a distant object — the moon, say — and 
operate the working head to effect coincidence 
of the two images. The range-scale should 
then read “infinity.” If it does not do so, 
then the range-scale is set to indicate 
infinity ” and the adjusting prism forming 
one of the windows, above referred to, is 
rotated until coincidence is effected. 

(a.) Lath Adjuster . — In the simplest form of 
apparatus for effecting this infinity adjust- 
ment, apart from ranging on real and distant 
objects, two vertical lines are drawn upon a 
lath or board at a distance apart equal to the 
base length of the range-finder with which it 
is to be used. When this board is fixed up at 
a distance of some hundreds of yards from 
the range-finder, and parallel to it, then one 
line is projected into one partial field of the 
eyepiece and the other line is similarly pro- 
jected into the other. If the range-finder bo 
in correct adjustment the range indicated will 
be “ infinity ” when coincidence has been 
effected. Quite early, however, in the history 
of the range-finder, it was felt that this method 
was too crude and cumbersome. 

(ii.) Abbess Method. -—'La. the year 1893 
Professor Abbe^ devised apparatus for correct- 
ing^ and adjusting telemeters or range-finders, 
which was based upon optical means which 
have practically been common to all the later 
and more developed apparatus for securing 
the same end. 


Abbe’s apparatus wa*» particularly af>pli* 
cable to range-findei's of the tyjK* ( t(Too- 
scopic) in which two indopondc^nt iflc'scopcM are 
employed. In Figs. 24 and 24a, for exaiMple, 
the invention is shown diagramttiati(‘ally 
applied to a stereoscoinc rango-fiu<I<T t>f the 
wandering-mark type, that is, the range is 
determined ]>y the adjustment (^f niimi- 
meter M, whiedj is necessary to give to the 
observer the irnpreH.si<m that. th<* wainleritig 
stereoscopic mark seen in the tidd of view in 
at the same distance as the object- hc*ing 
ranged upon. The adjusting apparatus c* in- 
sists of a pair of pentagonal firisms P" and 
mounted in front of tii(‘ two tcdi'st^opt* ohj(*ct- 
glasses as shown. The left c*ye of the ohsc^rver 



Figs. 24 and 24a 


is then taken away from the i(‘h*s{‘ope \\ and 
a mirror iS is positioned to illurniiial<^ th<‘ HxcmI 
stcrooBC()]>ic scale mark (i\ Ligdd from this 
mark, therefore, issues from th<‘ object glass 
as a collimated beam and (aders 1h(* jirisin P\ 
by which it is reflcKded at right angles to tht* 
prism and then siiiularly into tin* .sceonti 
telescope A“, by which it is bronglit to a fomiH 
in the same plane as the wandering mark 
If the range-finder is in eorn^et adjustment, 
and the prisms P' and pa refleet the hcvim of 
collimated rays aecuralely through IHO , tlu‘n 
it follows that the image of a' will projfn*t-f*f| 
on to the wandering- mark a**, wheti the 
micrometer M is set to infinity. Nhouhl this 
not bo the case, the instrunamt is a<lj«sted 
until it is so. The gr<sit u<lvatitiige of this 
arrangement is that envh of the pentagonal 
prisms acts as an optical wpinre, that is, tla' 
deviation produced by it is prart ienlly e<inHtant 
and, further, independent of any HJimll rotation 
of the prism about an axis normal to tla* plane 
of the diagram. When tlu' base length of the 
range-finder is small, the [lairof opti(*al K(|t)ari*s 
may be made from a sitigh^ piee(k of glass. 
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The prisms P' and may tnpjether 
produce a deviation of the collimated rays 
something loss than 180°. Let this angular 
defect from 180° — then the rays will enter 
the telescope A^, as they would from a real 
object on the axis of the telescope A^ and at 
a ^stance equal to that at which the Lise of 
the instrument subtends the angle 0, If this 


PlO. 25. 

angle B and its corresponding range are known, 
then the testing operation couslsts tw before 
in projecting the mark a' on to the mark a‘\ 
but the inku'ometor M .should, when this 
adjustment lias been ina<lc*, indicate the 
corresponding range. 

In a later niodili cation of AMm^’h apparatus, 
invented hy Kdnig in 1904-'11H)8, the neeoBwity 
for using one of the tielcHc<>p<‘H of the instru- 
inont as a collimator ih avouh^d l)y lilting a 
collimator independently. 

(hi.) B/trr <ii SHroud^n iVatkod.--^ An im- 
portant instrument for adjuating range-findora 
was brought out 
hy Messr-s. Barr 
<& Stroud in 11K)6. 

The optical 
])rinoiplo u))oa 
which this insiru- 
rnont wjis con- 
HtriK’ted is sliown 
hy AVf/. m. Fidu- 
<dal marks (F 
and (!*•* are homo 
hy lenstM and 
1/ respoctively, 
of efjual focMil 
length and separ- 
ated hy a dis- 
taneo <'(|uul to 
that foinii Icmgtli. 

Each lens a^ shown, tlu^ndoro, a(dw m a col- 
limator to the fiducial mark on the other Icuh, 
with the result tluit tdi<^ oiruTgent Iknuuh are 
collinear, a ]>ropert.y which ih ind(q>enderit 
of any small lah’-ral <liHplaccmcnt of either of 
tho lenses L' and Jj*, provided t-hat the 
marks (1' and 0** nro mounted at tho princi- 
])a] points of the two lenses. These collinear 
beams enter priBins P“ and P' rcHpecdively, 
from whitih they an^ reflecsted f)arallel t(» one 
anotlu'r, and arc tlu^reforc^ in a <*onditi«>n to 
enter the i‘iingo-fin<l(*r and give imagos of tho 


lines 0' and O'*;, equivalent to tho iniagen of 
a single object at infinity. 

Fif/. 2(3 shows in plan the apyilieation of this 
instrument to a range-finder, and in adclitlon 
an adjusting prism J, which is iidax)t<'<l to 
rotate about an axis coincident with that^ <»f 
tho two lenses 0' and Jiy the rotathm 
of this prism, therefore, the tw'o issuing bc^nrns 
of light can be 
inad(^ (dther paral- 
lel to one aiiotlu^r, 
orto diverge lit tho 
angle correspond- 
ing to that he- 
Iwoon beams of 
light entering the 
i‘ang(‘-lin<l(‘r from 
an c)hje<‘.t at. a 
known distatuw. 
The adjusting ap- 
jMiratuH may, as shown, Ix' made Boparato from 
th(' rangc^-(ind(‘-r, or it may be attathed to the 
framework of the range-iiiidor itself. 

§ (ir>) Halvxno Adjustmiont, ' In genernl 
tlie purturo seen in one of the lU^ds-of-view 
of a raiige-linder is duplicated and inverted in 
the second lield, but it may luii)pen that <iorre- 
sponcling image points do not occnir at ccjual 
distances from tho Hoparating lino, so that 
when tlu^ infinity adjustment has Iieeii made, 
the image in the upper fiedd is not a Riin|>le 
rollectioii of that in th© lower field, with the 
lino <if se])aiution os a lino of Rynnnetry. 


'Phe instmunent in then said to he^ cut ol 
halving adjusttnont. This want of aeijust- 
ment, ho long aw straight edges at right 
nngleH to the BO()arating line are htdng ranged 
upon, in not of gmat imiiorlaneo, hut wl^cn 
n line inclined to tho separating lim't is uhckI 
for rayiging purpoRon a very serioxis error iw 
introduced hy this want of adjuHtitKmt, To 
c^lfect tho neeesHary adjustment it is clear that 
one picture nmst ho displacod in tho fleld-of- 
view vertically with resf)0(*.t to the other one. 
This may be carried out in tho rangct-Undor 
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by (1) tilting one of the pentagonal reflectors 
about a horizontal axis inclined at an angle 
of 46 degrees to the axis of the tube and 
parallel to the path of the normally incident 
ray as it passes from one reflecting surface to 
the other ; (2) by displacing one of the tele- 
scope object-glasses in a vertical direction ; 
(3) by the rotation in its own plane of a weak 
prism originally mounted with its edge vertical ; 
or (4) by tilting a thick plane-parallel plate 
in a convergent beam of light. 

The halving adjustment having been made, 
the correction of the infinity adjustment is made 
by shifting the upper field in a direction parallel 
to the dividing line as already described. 


III. Calibra.tion’ of Ranoe-soalbs 

§ (16) CoiNOIDEKOB RaNOE-FINDEES. (i.) 
Sliding • Type . — The relations which 

must exist in a coincidence range-finder 



between the len^h of its base 6, the focal 
length / of its objectives, the deviating power 
5 m circular measure of its sliding deflecting 
prism, and the length L of its range-scale 
between the infinity mark and the mark for 
the minimum range R^ required, can be 
obtained as follows : 

Imagme a range-finder adjusted on an object 
at infinity, and that the object then moves 
up along the straight line joining it with the 
left eye of the range-finder till its distance 
from the range-finder is equal to the minimum 
range R^ which it is desired to indicate on 
the range-scale. As the object thus moves, 
the paraUax angle changes from 0 at infinity 
to 6/R^ at the minimum range, and the 
linage projected by the right half of the range- 
finder mto the focal plane of the eyepiece 
moves out of coincidence through a distance 
a suon that 

d h 



The image projected fay the left half of the 
range-finder under the conditions named would 
remam stationary. To re-establish coincidence 
of the images the sliding prism with angular 


deviating power 3 must bo moved through a 
distance L, along the axis of the hoam of light, 
such that cZ=L5 ; so that substituting this 
value of d, in equation (A) above, we obtain 

= • • • 0 ^) 


To apply this formula, suppose it is required 
to find the length L, when the base length of 
the range-finder is 1 metre (39-37 inches), the 
focal length / is 1 1 inches, the minimum range 
required is 250 yards, and the deviating power 
of the prism is one unit in a distance of 170 
units (equivalent to 20 minutes of arc). Then 
reducing the linear dimensions to inches in 
equation (B) we find that 


L=: 


11 xl x $9j^ 170 

260 X 36 


=8-18 in. 


(ii.) Rotating-prism Type . — In rango-finderfl, 
such as the Zeiss, in which coincidence is 



IfIG. 28. 


effected by impartiag equal rotations in 
opposite directions to a pair of similar prisiins 
mounted in the parallel beam botwoen the 
end reflector and tho telescope O.G., it is 
desirable to secure tho luaxinniin poHsiblo 
openness of tho range-scale by giving to c^acdi 
ot the pnsms an angular deviating i)<)vvor 3, 
iQno • ^ 1‘otation of these prisms through 

ISO , i.e. from tho position shown in plan by 
■Ftg. 27 to the position shown by Fig, 28, should 
almw of coincidence for all ranges between 
intoity and the desired minimum range 
The angular deviating powe^r of eacth prism 
being 3, a rotation through 180'’ will eiTeet a 
deviation of any ray in tho horizontal plane 
through an angle equal to 45, and the 
deviation 5,, produced by a rotation through 
any angle a less than 180°, a.s shown by 
29 , 18 obtained from tho equation 


ft being remembered that when a is botwoou 
® is nogativo in valu(». 

thus for rotations of 0°, 90“, iind 180" the 
deviations are 0, 25, and 48 rospoiitividy. Tho 
angle 48 must therefore be made equa'l to tho 
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maximum angle of parallax 6/H^ to be 
measured, or 

‘■i <”> 

Thus when 6 = 1 metre and R^=250 m., 

“ 1000 ’ 


approximately 3J minutes of are. It will be 
noticed that the focal length of the O.G. does 



not enter into equation (B), for the reason that 
the deviation is effected in the parallel beam 
and not in the convergent beam, as in the case 
of the sliding-prism type of range-finder. 

For any given range R the parallax angle 
6=blB.f and since d must be equal to 6 wo 
have, by substituting in equation (C) above, 


or 


^=26(1 - cos a), 


whore a is the angle of rotation of one of 
the deviating prisms from its infinity position 
necessary for bringing about coincidonco. By 
giving to R in the above oqiiation tlie successive 
numerical values it is desired to indicate on 
the range-scale, the corresponding angle a can 
bo found. 

Thus in the case of the range-finder con- 
sidered above, with a base length of 1 metre 
and deflecting ])risms each with an angular 
deflecting power of one in a thousand, equation 
(K) ])ocomes 

, 500 

cos a = 1 — 15 » 


fnun which the following table has been 
calculated as an example : 


EanRo 

(metres). 

Anglo. 

Jtanffc 

(metres). 

Anp;Ie. 

20, 000 

12° CO' 

800 

67” 59' 

lO.IKIO 

18^^ 11' 

700 

73” 23' 

5,000 

25*^ 60' 

COO 

80” 22' 

4,000 

28” 68' 

600 

90” 

3, (MM) 

33” 35' ‘ 

400 

104” 29' 

2,000 

41” 25' 

300 

331” 49' 

1,(K)0 

60” 

250 

180” 

1)00 

63° 38' 




These angles must, of course, bo multiplied 
by the gearing ratio adopted — usually two, 
(iii.) Two-magnification Type . — In this type 
of range-finder an eyepiece range-scale, extend- 
ing along the lower side of the coincidence line, 
is graduated so that when the instrument is 
in adjustment the coincidence of the two 
differently magnified images of an infinitely 
distant object can only be obtained at the 
place along the coincidence line at which the 
infinity mark of the scale occurs. Let Fig. 30 
represent the field-of- 
viewof such a range- 
finder, and suppose 
that the images of an 
infinitely distant ob- 
ject have been brought 
into coincidence on the 
line marked “ oo 
Now suppose the ob- 
ject to move up along 
the straight line, join- 
ing it with the left eye 
of the range-finder, to a distance at which the 
base length b of the range-finder subtends an 
angle B. Then the partial imago, in the upper 
part of the liold-of-view, produced by light 
passing through the right eye of the range- 
finder, will, during the supposed movement of 
the object, move from loft to right through a 
distance whore equals the focal length of 
the corresponding telescope objective, whilst the 
partial image due to the left eye, in the lower 
part of the field, remains on the infinity mark. 
Now suppose the range-finder to be rotated 
through a small angle a about a vertical axis, 
in the counter-clockwise direction as seen from 
above, both the images will then move to the 
right, hut the more magnified imago, in the 
lower part of the field, will move more quickly 
than the one in the upper part of the field, and 
eventually catch it up at a distance d from 
the “oo ” mark, such that where 

is the focal length of the telescope objective 
on the left. Since the image in the lower 
field is more magnified than the image in the 
upi)or field, it follows that and that in 

consequence, whilst the lower imago moves 
through the distance /go, the upper image will 
move through a shorter distance /^a. Thus 

. . . ( 1 ) 

but Le, a-ty , , . (2) 

h 

^=j(, (••)) 

Substituting these values of a and 6 in equation 
(1) wo got 



t’la. 30. 


and solving for d ■we obtain 
d- 

. m-T) 


■ ( 4 ) 
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which shows that the eyepiece range-scale is- 
a reciprocal one, since 6, and /a ^'^e con- 
stants for the range-finder. Equation (4) 
may be written 

11 6 

/ “/ "dT. 

i.e. the difference in the focal powers of the 
two objective systems must be made equal 
to the base length divided by the product of 
the length of the range-scale, and the range 
corresponding to that length. 

In practice the total length of the range- 
scale is limited to about 1 cm., and the mini- 
mum range required is, say, 250 metres, so 
that if the base length equals I metre, then 


the focal lengths being expressed in metres. 
Prom this equation, one focal length being 
assumed, the other can be found. Thus when 
/i = 25 cm., /a must be made equal to 27*7 cm. 

In a range-finder of this type, made by Bausch 
and Lomb, = 16-26 cm., /2 = 16-78 cm., 

A =0-8 m., and d=0-95 cm. for the minimum 
range of 460 m. 

§ (17) Stbreosoopio Range ■ finders : 
Fixed Scale and Wandering -mark. -—In 
these types of range-finders (see fig, 8) the 
parallactic displacement D, in the common 
focal plane of the two objectives, is obtained 
from d=6//R, where, as before, B is the base 
length of the range-finder, / the focal length 
of the telescope objectives, and R the range. 
The distance between the two infinity marks 
— marks upon which the two images of a star 
would be simultaneously projected — ^in the 
common focal plane of the objectives may, 
by suitable disposition of the reflectors, be 
given any value, usually that of the average 
interpupUlary distance of the men likely to 
use the range-finder. This distance, once 
determined and adjusted, remains fixed, that 
is, it is not affected by any adjustment of the 
interooular distance necessary for individual 
observers. A fixed scale might consist simply 
of a single mark in one ocular field and a 
number of marks in the other field, correspond- 
ing to the series of ranges for which the instru- 
ment is to be graduated. With such an 
arrangement as this the image of the single 
mark, in the use of the instrument, would be 
fused storeosoopioally in succession with each 
of the marks in the other ocular field. In 
practice, however, it has been found better 
to provide for each of the ranges to bo 
indicated a separate pair of marks, one in 
each ocular field, but the principle of the 
calibration is the same. Thus for a range- 
finder in which the product hf is equal to 
k, say, and in which the distance between the 


infinity marks is equal to A, say, the distance 
apart of the pair of marks for any finite range 
Rj must be made equal to A - A’/Rj. 

The same principles apply in the case of the 
wandoring-mark. Here one ocular field con- 
tains a fixed mark, whilst in the second field a 
second mark is adjusted transversely to the 
line of sight by moans of a micrometer screw, 
the drum of which is calibrated for the ranges 
corresponding to the parallactic displacements 
required for the given ranges according to the 
equation above. 

§ (18) CoNOLTJSiON. — From tlio story now 
told, it will he seen that whilst the Knglish 
naval and military authoiutios ae.oci>t the 
coincidence type of range-finder as the most 
efficient service instrument, the German 
authorities on the other liand, under the 
guiding and compelling genius of Carl Zeiss, 
have favoured the stereoscopic tyi)c. Now in 
the case of a ccuncidonce instrument there is 
no question but that a comi)aratively large 
percentage of service men can bo trained to 
work it efficiently, whilst in the ease of the 
stereoscopic instrument the conditions are 
very different. English military opinion tends 
to the conclusion that only about 5 per cent 
of men tried over become efficient range- takers 
with the stereoscopic instrument, and this 
conclusion is supported })y Gorman experience. 
In the German training-schools wo believe 
that, of the total number of the men tried, 
only about 15 per cent are finally selected for 
training. It is claimed that of those men a 
certain very small number, after an extended 
period of trial, attain a stereoscopic difforemtiat- 
ing power of 4 seconds of arc. This comi>ares 
favourably with the standard reached by the 
best range- takers witli the ooinc-ideneo type. 
The average, however, claimed by the Gormans 
is about 10 seconds — should a man not bo able 
to attain an accuracy of 20 sec'onds or less, he 
is rejected. 

It must be remembered tliat the reinarkabh^ 
accuracy which has been cslaiinod for both 
types of range-finder has only been seem red 
by tests made under the most favourable 
conditions — laboratory (ionditions, in facit — 
and it may b© that, as regards their beat 
performances under those ({onditions, the one 
type can claim no decided advantage over the 
other. Tests under service conditions, how- 
ever, are the only ones which have any uscdul 
discriminating value, and theses an* not ho 
easily carried out, A range-tak(T, undei* the 
intense nerve strain brought about by a 
modem battle, may find that he cum obtain 
very much better results with one tyi>e of 
range-finder than the other, and, so far as 
evidence is available, then^ cuiii he little doubt 
that under the severest aorvic,© cionditions th<^ 
coincidence has a very decided advantage 
over the stereoscopic typo. 
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Now the battle of Jutland was fought with 
9 - feet Barr & Stroud coincidence range- 
finders on the on© side, and 3-metre Zeiss 
stereoscopic range-finders on the other. Very 
few instruments of greater dimensions than 
these were used by either side. It is, however, 
strange to say, very difficult to arrive at a 
just conclusion as to the relative merits of 
the work done with these instruments. Each 
side has shown a desire to give full credit 
to the work of the other. When, however, 
everything is taken into consideration, there 
appears to be very little doubt that the 


days of the stereoscopic range-finder, as a 
chief service range - finder, are numbered. 
This is not to be wondered at when it is 
remembered that, before the war, Germany 
had held out against the world in adopting 
the type. No doubt it will still be made and 
used for special work, possibly against air- 
craft. Any one who has experienced the ease 
and precision with which a stereoscopic range- 
finder can be directed to and ranged on a mere 
wisp of floating cloud will readily realise 
that for work of this kind it stands out 
unrivalled. 


LIST OP THE MORE IMPORTANT BRITISH PATENTS FOR RANGE-FINDERS ^ 


Speciflcatlon No. 

Year of Application, 

Name. 

rtul)Ject-niatter. 

357 

1860 

Adie 

Coincidence : tilting mirror typo 

608 

1863 

99 

Coincidence : tilting mirror typo 

8043 

1885 

Mallook 

Cbincidenco : tilting mirror typo 

12404 

1886 

Christie 

Coincidence : lateral displacomont of O.G. 

9620 

1888 

Barr & Stroud 

Coinoiclonoc : travelling deflecting prism, 
etc., etc. 

13507 

1893 

» >» 

Coincidence ; astigmatisers, separating 
iirisms 

17048 

1893 

Grouflilliors 

Stereoscopic 

178C8 

1893 

Abbe 

Infinity adjusters 

3172 

1901 

Barr & Stroud 

Two objectives side by side 

6267 

1901 

Forbes 

Stcireo8CO}>ic 

16647 

11M)1 

Marindin 

Tilting relleotor 

18273 

1902 

Barr & Stroud 

Single tolescoi)o typ(^ 

1462 

1903 

ft t* 

Separating ])riflmB, optical squares 

4258 

1903 

Forbes 

Storooscopio 

12736 

1904 

Dennis Taylor 

Single telosoopo ; swinging deflecting prism 

28866 

1904 

KOnig 

Adjusters 

11726 

1906 

Carl Zeiss 

Separating prisms 

10039 

1900 

Barr & Stroud 

Deflecting rotating prisms 

28728 

1906 

n 99 

Self-contained adjusters 

12177 

1907 

Carl ZciHS 

Forisoopio 

15200 

1907 

Dennis Taylor 

Separating j^rism 

16467 

1007 

Carl Zeiss 

Storeo8cc)i)io 

26646 

1907 

,, „ 

Adjuster 

830 

1908 

ft t* 

Adjuster 

1209 

1908 

»» ». 

E])penHt(un— tinequal tnagnilioation fields 

3626 

1908 


Store()Hoo])io images murks 

Separating prism 

9906 

1908 

Barr & Stroud 

13813 

1908 

Jt 99 

Handlers and working heads 

21854 

1908 

0. P. Goorz 

Separating ])rism 

22102 

1908 

(Jhrifttio 

AdjuBt('r 

22363 

1908 

(rocrz 

Separating adjuster prism 

Separating prism 

23173 

1908 

„ 

7785 

1909 

Barr & Stroud 

Frames 

7780 

1909 

99 99 

Scales and soalo-orooting prisms 

16847 

1909 

0. P. Goorz 

Unequally dividend fields 

1801 1 

1909 

tt 

Separating prism 

21870 

1909 

Carl Zeiss 

Adjuster 

30152 

1909 

Barr & Stroud 

Separating prism 

6082 

1910 

Dennis Taylor 

Binocular ooinoidenco 

7392 

1910 

99 99 

Mirrors for optical squares 

24714 

1010 

C. P. Goerz 

Vortical and horizontal eyepieces 

28023 

1910 

Carl Zeiss 

Folding 

613 

1911 


Upper invert double separating lino 

24821 

1911 

C. P. Goorz 

Separating prism 


^ It will be noticed that this list is practically fimitod to patents taken out by the four chief manu- 
facturing firms. 
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UST OF THE MORE IMPORTANT BRITISH PATENTS FOR RANCiE-FINDEltH-coJifiiiwrf. 


SpecificAtioii No. 

Year of Applicfttioii. 

Name. 

25122 

1911 

Carl Zeiss 

25269 

1911 

C. P. Goerz 

25368 

1911 

99 

12962 

1912 

Carl Zeiss 

14041 

1912 


14145 

1912 

C. P. Goerz 

16837 • 

1912 

Carl Zeiss 

21027 

1912 

»> »» 

23696 

1912 

99 99 

26233 

1912 

Barr & Stroud 

27483 

1912 

Carl Zeiss 

30090 

1912 

Dennis Taylor 

103 

1913 

Carl Zeiss 

1635 

1913 

»» »» 

4879 

1913 

99 99 

8098 

1913 

»» »» 

10966 

1913 

99 99 

14183 

1913 

if f» 

15815 

1913 

>» >» 

27217 

1913 

Barr & Stroud 

8312 

1914 

Carl Zeiss 

11463 

1914 

99 99 

14701 

1914 

99 99 

15140 

1914 

Barr & Stroud 

16294 

1914 

99 99 

20263 

1914 

Carl Zeiss 

21280 

1914 

99 99 

622 

1915 

99 99 

21X4 

1915 

Barr & Stroud 

3544 

1915 

Carl Zeiss 

1179 

1916 

„ „ 

4567 

1916 

„ „ 

6426 

1915 ■ 

9) ff 

7679 

1916 


14508 

1915 

»» >» 

1251641 

1916 

Rottenburg & Willans 

125587 

1916 

Barr & Stroud 

126725 

1918 

Taylor 

127886 

1917 

Barr & Stroud 

127907 

1917 

99 99 

129043 

1917 

Taylor 

129044 

1917 


129346 

1917 

Barr & Stroud 

129881 

1918 


131610 

1917 

>9 

131611 

1917 

99 

133974 

1917 

19 

135223 

1916 


139224 

1916 


145094 

1916 


147106 

1920 

Carl Zeiss 

149326 

1920 


165461 

1918 

Barr & Stroud 

177598 

1920 

>9 99 

188930 

1921 

11 




Complomentary invc'rU'd liclds 

Separating priHm 

Separating priHin 

Halving adjiiMtinont 

Adjuster 

Adjuster 

Adjust('r 

Pcriscopic 

PeriHcopio 

Variable base range-finder 
Storeofloopic : with Hei)arating prisni 
Diflcrent vertical and horizontal magnili(*n- 
tions 
Adjustor 

Hifforont vortical and horizontal magiufion- 
tions 

Binocular coiiKddt'nco ; diiTonuit mag- 
nifications 
Adjustor 

Storoosoopio : with (l()ul>i(' image's in <'ach 
field 

Separating ]>riflmB 

Ooinoidonce and HterooHoopio ; tloubh* 
deflecting dovicoK 
Scale-indicating gear 
Uroupod to giv(' single nwling 
Optical sqtiaros 
Optical sqTiarcH 
Exhausting a(ljusl<*r 
Soale-oonverBion gear 
Adjuster 

Addition to 15815/1,1 
Adjustor 

Exhausting ninge-(i lu I('r 
Variablo rt‘HiMlan(S(‘ scale indicator 
Addition to 15815/1,1 
Sotting gun-sight 
Adjustor 

Eriction (‘kwating g(‘ar 
Addition to 20203/14 
Hcight-find(‘r 
Hoight-findor 
Adjusting (mkI sepmros 
Separating- fn-isni syst ('rns 
Height-findor 

Single toh'Roope; swinging- prism fy|K* 
Halving syskuns 
Hoight-findor: oonvt'i’slon g«*ar 
Height-findor: travelling delleeting prism 
Height-findor : travelling defk'otitig i)riHm 
Height-findor ; rotating (kdleoting prism 
Scale-conversion gt'nr 
Multi- magnifying systt'rjm 
Height-finch'r 
Unit-magnilication syst^'m 
Poriscopio range-finder 
Adjustor : zero base 
Wandoring-picturo gratiotde 
Mounting large range-lindors of the eonst' 
defence typo 
Poriscopio range-finders 


X ivjiix xvx\> ulc oyxs 

are given provisionally. 


Vear mimls'm 
F. ,T. 0. 
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RANOB-FTKDrNa, Acoxjeacy of. See “ Range- 
finder, Short-baso,” § (4). 

Rational Intbrobpts or Indices, The Law 
OF, in orystiil structure. See “Crystallo- 
graphy,” § (10). 

Rayleioii Limit : the maximum difPcronco 
in phase with which the various rays passing 
through an optical system may arrive at 
the focus without spoiling the definition. 
About } wave-length. See “ Microscope, 
Optics of the,” § (9) ; also “ Light, Diffrac- 
tion of.” 

Raylkioti’s Radiation Formula. Soo 
“ Radiation,” ((>). 

Raylkioii’s Thwory of Tiiic Roattbrtno op 
LtoirT by particles small compared with the 
wave-length, ap])liod to explain the blue 
colour of the sky. See “ Scattering of 
Jjight by Cases,” etc., § (2). See also “ Ultra- 
microscope and it« Applications,” § (2). 

Rhading Miorohoopks. See “ Divided 
Circles,” (12), 

Rkooil Atoms from nulioactive substances 
wliich expel a-particlcs. ” Radio- 

activity,” § (10). 

Rbkds, Mktal, without Pipes : musical 
instruments in wlu(^h theso form the vibra- 
tors. See “ vSound,” S 

RBFLROTrN<) Tklksoopks. Hoo “ Tcloscopos,” 

§ ( 10 ). 

Rhi^'lkcjtion, Amount of, from RrLVHttBD 
Mirrors. See “ SilvertHd Mirnnrs and Silver- 
ing,” § (7). 

Reflection, Spkotral. Heo “ Spectro- 
photometry,” (14), 

Rmfleotivity of Metals. See “ Telescope,” 

§ (12). 

RrFRAOTION (ATMOSPIlKKHOt KkRORH DUE TO. 
See “ Navigation and Navigational Instru- 
monts,” § (5). 

Refrai’tfon, Dourle, See “ Polarised Light 
and its Ai)i)licat.ionH,” § (5). 

Refraottve Index, mensununent of. See 
“ Sp(*<4roHcopcs and UefrnctomeierH,” § (0) 
ot 

Refractive Index and WAVE-LEN(;Tir. See 
“ Optical (fiasK,” (;)). 

JtEFRA(?TOMETEH : ati instrument primarily 
(U^sigiK'd for the rapid deWminatiou df 
refra(‘tivo indiem Hee “ Speetroaeopes and 
RefractonicU^rs,” § (12) H 

RErNFOuemn (^lasr, Manitfaoturb of. See 
“ Glass,” § (42), 

Remy DirLOSoopB : a useful form of 
phoromotor. See Ophthalmic Optical 
Apparatus,” § (3), 

Resistant Glass, modern methods of test- 
ing. See “Glass, Ohomioal Decomposition 
of,”§(3) (ii.). 


Resolving Power of a Mtoroscope. See 
“ Microscopy with Ultra-violet Light,” § (2) ; 
“ Microscope, Optics of the,” Introduction. 

Resolving Power of Sfectrosgope. Soo 
“ Diffraction Gratings, Theory of,” § (0). 

Resolving Power of a Tblesoofe. See 

“ Teloscopos,” § (7). 

Resonance Fffects tn the Scattering of 
Light by Gases. 8oe “ Scattering of Light 
by Gases,” ote., § (5), 

Resonator, Air, used as a sound detoctor. 
See “ Sound,” § (54). 

Rest.straiilen : a name given to tlie final 
radiations obtained by successive reflections 
from a substaiu^e ; t.hese possess their 
maximum energy for almost the same wave- 
lengths ixs the maxima of the ahsorptiou 
hands for the substaiu^e. Sec “ Wave- 
longtlis, The Moiisuremont of,” § (7). 

Reversing Dkvkjes used in conneistion with 
the copying cam(u*a. S(^e ** Phot()gra[)luo 
Apparatus,” § (2) (iii.). 

Rigidity of Glass. (Jlass,” § (29) (ii.), 

Ritciiie Wedge Piiotometeu. See “ l%)to- 
luetry and Illumination,” § (27). 

Rxtz, formida 

N 

fwi -H /i 4 {(l/in^)\ 

n b(4ng the wave-number of a line in a seriefl 
of the spectrum of an element, the series 
Iwing detormined by tlu^ constants A, /z, d, 
and th(^ lim^ by the quantity m, whoso 
values differ by intKigers in any one series, 
N being tlm “ universal constant.” »Sco 
“ SpetitroHcopy, Modern,” § (10) (iii,), 

Rooiiellm Sai.t Process of Hilverino 
Mihhorh, introdu(?ed by (Hmeg in 1801, and 
used when the work is ixH|uired to be 
silvenMl on the battle. See “ Silvered Mirrors 
and Silvering,” (2). 

RoOIION’h IbtlHM FOR l^RODUOTTON OF DOUBLB 
Images. See “Polarised Light and its 
Applications,” § (12). 

Roof Protometeh. See “ T^hotomotry and 
Illumination,” § (28). 

Rotatory Dihfkrsion. See “ Polariaocl Light 
and its Applioatiims,” J (21) (ii.). 

Rotatory Potarisation : an effect exhibited 
by certain substaneos in whitjh the piano of 
polarisation of a beam of light is rotated by 
passage through the substance. The effect 
is exhibited by solids, liquids, and gases, 
and such substances are said to bo optically 
active. See “ Polarised Light and its 
Applications,” §(20); also “ Polarimetry ” 
ancl ** Quartz, Optical Rotatory Power of,” 
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Rousseau Diagram: a device for obtaining 
the average candle-power of a source from 
its polar diagram. See “ Photometry and 
Rlunuuation,” § (42). 

Rowland’s Grating. See “ Diffraction Grat- 
ings, Theory of,” § (11). 

Rubens and Wood, their improvement in the 
method of isolating very long waves, based 
on the selective refraction and selective 
absorption of quartz. See “ Wave-lengths, 
The Measurement of,” § (7). 

Ruling on Glass. See “ Graticules.’* 


Rumford Photometer. See “ Photometry 
and Illumination,” § (25). 

Russell Angles : a system of angles by 
means of which the calculation of average 
candle-power of a light source may be 
simplified. See “ Photometry and Illumina- 
tion,” § (42). 

Rydberg, his relations between the wave- 
numbers of linos in the spectra of elements, 
and recognition of the existenoe of three 
chief types of series, known as the Principal, 
Sharp, and Diffuse senes. See “ Spectro- 
scopy, Modern,” § (10) (ii.). 


S 


Saooharimetbr : a term applied to polari- 
meters, used to measure the stron^h of 
sugar solutions, in which the quartz wedge 
. compensation system is employed. See 
“ Saocharimetry,” § (2). 

Sacoharimethr Scales. See “ Sacchari- 
metry,” § (4). 

Saooharimetbrs, conditions governing the 
accuracy and sensitiveness of. See 
Saocharimetry,” § (7). 

Mechanical construction and design of. 
See ihiA. § (0). 

SAOCHARIMETRY 

§ (1) Introdugtory.— The optical rotation of 
a sugar solution can be measured by means 
of the polarimoter,''- and if the rotation of a 
pure, sugar solution of the same concentration 
he known, the percentage purity of the first 
sample can then be calculated. Owing to 
the rotatory dispersion (variation of rotatory 
power with wave-length) of aJl active sub- 
stances, a monochromatic light source is 
necessary in all polariraetrio moasuromonts. 
The half -shadow angle of the polariser must 


and this is by no moans tlu^ case with the 
average raw sugar solution. 

Biot had observed that the rotatory diHi)er- 
sion of quartz was ap])roximatcly the same 
as that of a sugar solution, and in response to a 
prize of 2000 francs ofTorod by th(>i ‘‘ ^Socictc 
d’ Encouragement ” for a moans of dotormining 
the strength of sugar solutions correct to 2 jx^r 
cent, Soloil ^ ingeniously evolv(xl the (piartz 
compensator system, in which he utilised the 
rotatory power of quartz, to neutralise that 
of tho sugar solution. With this arrangement, 
the polariser and analyser (ivo, fixed and croftsedj 
and the rotation of a sugar solution is given by 
tho distance a quartz wedge has to ho moved iu 
order to neutralise tho rotation of the solution. 
Since the rotatory diMiKirsions of quartz and 
of sugar solutions are approximately ecpial, 
this system ])OT'mits tho urn of white light with 
its relatively great in tensity and conv<'nienc'e. 

§ (2) SAac!TrARrMKTKKs. --The term “ sat^ 
oharimetor ” is now generally appliixl only 
to polarimetors in which this (juartz wedge 
compensation system is us<m1. 

The optical arrangcuiuuit in a standard 
polarimoter is shown in Fh/. I. Tin* polarising 
prisms CD form the Lipi)ich ® fioIariscT. ^Ihe 
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ho small in order to obtain accurate results. 
But even with a half -shadow angle of 6°, only 
a small fraction of the incident light enters 
the eye of the observer at the matching 
point. The usual monochromatic light source 
(sodium light) was therefore too feeble for 
accurate measurements even when the optic- 
ally active suhstanoo was highly transparent, 
^ Sec “ Polarimetry.” 


wedges K and Ij arc made of k^ft- rotating 
quartz and have their base»H on o]>p()siio sides, 
so that a beam of light will pass through 
undeviated. The analy,sor M is “ eirossed ” 
with the polariser CD before tho quartz wedges 
are mounted. A comimnsating disc J of 


* SoiPil, Comm, Rend,, 1845, xx. IHO.-i ; 1845, xxJ. 
426 1847, xxiv. 072 ; mm. fuMt, 1845, x 111. 214. 

“ See ** Polarimetry/' § (fl). 
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right rotating quartz is introducoci. Its 
thickness is such that it equals tliat of the 
loft rotating wedgos K and L when the 
movable wedge K has been moved approxi- 
mately one- fifth of its total path (as measured 
from the position when the thinner cud of 
K is nearer the centre). The objective N 
is achromatic and the oyopieco 0 is focusso<l 
on the sharj) dividing lino of the jirisni I). 

The light source is focussed on the diaphragm 
A of the polarisor by a lens (shown in the 
diagram). A c^an therefore be regarded as 


long "Wedge is right rotating whiles th<i <)tlier 
is left rotating. The deviation of tlui f)(‘aTn 
is eoinpensatod by means of the glass w<*dg(‘ (1. 
Although this method means a eonsiderahlo 
saving owing to the scarcity of optically pun^ 
quartz, it has not (‘orue into g(m<tral use. 
There are possibly two reasons for this- — first, 
the double refraction almost always x>roH<^nt 
in a thk^k glass wedge with the decrease in 
sonsitivenesfl that f< )Ilows ; and, second, tlic^ fact 
that the disiKU’sion of glass being <lifU'rent 
from that of quartz a coloured fringe would 




th(^ virtual light soure<t. An image of this is 
brought to a focus, in turn, at the objective' 
N of the observing iok^scopc, by moans of 
the <Jondons(u' lens li, (\)ver glasses F and (< 
serve to ])rotect th<^ polarising and analysing 
systems from dust and damp. 

When an ohstirvation tulx^ containing a 
liquid is pbwxHl in the jjath Ix^twtnm K and 
Cf, a halo is usually s(Hm surrounding the 
usual field of view'. This is caufie<l by reflec- 
tions at the inner walls of the tube ; if a 
diaphragm is pIac.od at Q (the fo<^al i)Iane of 
the eyepieo<0 so that its aperture is e<pial 
to, or only slightly greater than tlie size of 
the image of R formwl by the kms N at Q, 
then this effec^t is avoided. The aperttires II 
and P serve to cut ofT seatonxl light fr<»m 
outside and multiple hack refltHduons. 

In the <louhlo wedge instrument shown in 
Fig, 2 the optical arrangement is th<» same, 
only that now the ({uart.z (‘ornixinsating disc 
(in the case of the single W'edge instrument) is 
replaced by two w(xlg('s *1 and K of of>poHik' 
rotation to the other pair L and M. The long 
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wedges K and Ij are movnhks whilst the 
short w'eclgcH .1 and M are flx(xl The spcxual 
advantages of having two movable Wfxlges of 
opposite rotatfions will bo discussed later. 
Martems^ suggested that tb<i same result 
may he obt aiiuMl as slmw'n in INg. JI. The one 
* MaHens, Xeitsehr, filr Inntkde.^ 1000, xx, 82. 


bc> H<‘.en at each sith^ of tlu' fi(‘Id of vuwv, since 
the light sourcci is upproximak^ly white. 

The sfiandard instruimmts of Kri^, S<'hnu(lt 
and Haonseb, (Joorz, PoU^rs, Haiiscli and bomb, 
and i'lilger, are oil optically idonti<‘al with 
either Fig, 1 or IHg, 2. Tiie sa(*<'harim(^t<'r 
of Pellin endKxIios a Ijanrent polariser, while 
in that of Ih'llingham and kStatiley the modified 
.Jellet prism ilescu’ilxxl on p. 485 is employed. 
Whoa a separate light source is tised, another 



Fro, ^1. 


short foenssed convex Urns is lUfmnitxl in 
front of the cliaphragtn A I and 2), so 

f.bat it forms an imag(' of the Honr<'e at A, 
when the latUu* is placed a pariicuilar distance 
(15 cm. in the Bchmidt and Ilatmwch iirntru- 
rneuts) in front of this auxiliary Ions X, (in 
Fig, 4). In order to w'cttre a uniformly 
illnminated fichl of view’ a diflusing acrofm is 
placed at 7*^ and the image' of Wean hea<*eurak'Iy 
fo(mss<«l on it by looking sideways through the 
(dt>ngato<I obscTvation hole V at the sUle of the 
tube carrying the lens X. The (liaphragm at 
A is ('xU>nde<l outw’ards, os showm, to sert'on 
off t.h(' extraneouH light frf>m the obm^rvor. A 
deviation prism W is mounted in an aperture 
in this <'Xtende<l diaphragm so that a beam 
of light is obtainc'd to ithiminak^ the hciUos of 
1.h(H instrument. When ele<4-ric‘al illiimination 
is used, the large <liaphragm at A ftn<l the deviat- 
ing prism <’an be disp<mHecl with, the illuminat- 
ing l)eain T being oi>tainod by placing a small 
mirror at the re<|uisite angle above the^ source. 

Z V 
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It must be noted that, in the polaiimeter, 
the beam emerging from the condenser B is 
nob strictly parallel, hut is made to converge 
on the ohjeotive of the observing telescope. 
This secures that the maximum permissible 
amount of light enters the eye of the observer, 
simultaneously with uniform illumination of 
the field of view. 

§ (3) Bates’s Sacohaeimeter. — It is not 
possible to vary the half shadow angle of an 
ordinary saocharimeter, because it would entail 
a removal of the q^uartz wedges, etc., in order 
to set the analysing nicol at the new position 
of matching. If the polariser and analyser 
are not accurately crossed, a match cannot 
be made at any position of the wedge when 
the q_uartz compensating system is inserted, 
because, approximately white light being em- 
ployed, the rotatory dispersion of quartz will 
cause oonaiderable colour differences in the 
two halves of the fileld of view. 

Bates ^ has constructed a saocharimeter in 
which the adjustment of the analyser is 
automatically made as the half shadow angle 
is varied hy rotating 
the whole Lippioh 
prism of the polariser. 

Let OPi in I'ig. 5 
represent the plane 
of polarisation of the 
light emerging from 
the whole Lippioh 
prism, OPg the plane 
of polarisation of the 
haff Lippioh, and 
AOA' that of the 
analysing niool. OB 
is drawn perpendicu- 
lar to AOA', and OC bisects the angle PjOPg. 
Let 5 be the angle that the normal to the plane 
of the analyser makes with OO, the bisector 
of the half shadow angle. 
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ZPiOA=|-|+a, ZP«OA'=|-|-j. 

If I is the intrinsic intensity of illumination 
of the light emerging from the whole Lippioh, 
its intensity after transmission through the 
analyser will be given by 

I cos^ PiO A = I sin^ (^ — 5). 


The intensity of the light leaving the lia lf 
Lippioh will be appreciably less. A portion 
is lost by reflection at the two ends of the 
prism, by absorption in the spar and by 
reflLection. at the balsam film ; suppose this 
fraction to be 1-k; the fraction transmitted 
will be K. Another portion is cut off because 
the half Lippioh is not parallel to the whole 
Lippioh, and the fraction transmitted will he 

^ Bates, B'uU. Bur. Stand., 1907, iv. 461. 


given by cos^ a according to the law of 
Malus. 

The resultant intensity of the light from the 
half Lippioh will therefore l)o I x a- cos^ a, and 
this after transmission through the analyser 
becomes 

lx K cos® a cos® P’gOA' = I/c cos® a sin® ( J + d). 
When a match of the fields is obtained, then 

+ 


(!-)■ 


Ia cos® a sill® 




sin I cos 5 - cos ^ sin 5 = v ac cos a sin ^ cos $ 

■+ K cos a cos ^ sin 5; 


sin I cos 5(1 - ijtc cos a) 


= cos a sin 5(1 H- cos a). 


. ^ \ - Jk cos tt , tt 

tan 5= - - — tail - . 

1 -1- iJk cos a ^ 


If the loss of light by absorption and reflec- 
tion at the half Lippich is neglected, then k 1 
and tan 5=tan®a/2 as wiis shown by Bates in 
his first paper. But this factor k is important, 
as was realised by Schdnrock ® and Wright® 
independently. The latter assuinod that the 
loss of light in the half Lippich was a]>proxi- 
mately 10 per cent, the value of the constant 
K in the above equation being therefore -0. 
The following table, duo to Wright, shows the 
difference introduced by conHulering this 
factor. 


Half 
Shadow 
Angle In 
Degrees. 

Vsklue of 
S from 
Biites’b 
Purni iilii. 

V&luo of 

5 fn>m 
Wright 
(« -'»). 

Half 
Hha<l(>vr 
Angle In 
Degrees. 

Viihie of 
S frinti 
liiitin’s 
Kortiiula. 

VHhui of* 
S from 
Wright 
(>c. 

0 

0 

0 

8“ 

r 

i-jf 

2° 

0 

2' 

10" 

1 

'!>' 1 

10' 

4® 

0 

r 

lli® 

i 

d' 

I 14 

0°* 

r 

V 

14" 

! 

1 IH' 


Schonrock calculated the loss of light from 
the well-known equation of Brcsnol. For 
perpendicular incidence the porcontngo loss is 
given hy (n - l)®/(a H- 1)® x lOO. Taking n as 
I486 (refractive index of Tcicdand spar) the 
percentage loss is 7*5. A fiuthor allowance 
of *6 per cent is arbitrarily made for absorption 
inside the small Lippioh, thus making the 
constant k in the above equation *^2, The 
effect of considering the absorption is, as Bates ^ 
pointed out, to make the variation of 5 with 
tt more approximately linear. If the analysing 
niool is therefore made to rotate with an 
Ver. Dexit. Ziwkeritid,, 1008, 


Awer. jmirn, IDOR, xxvi. 301. 

* Bates, Bull. Bw. Stand., 1908, y, 195, 
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angular velocity slightly greater than half of 
that of the whole Lippich, the variation of the 
zero point of the analyser can in Batos’s con- 
struction be reduced to ±-14° (or ± -05° S*) 
from the true matching position as given above, 
even when the half -shadow angle is altered 
from 3° to 15°, But it appears that, where 
tho highest accuracy is required in measuring 
a rotation, a small allowance must bo made 
for tho change of the zero position with the 
particular half-shadow angle employed. 

§ (4) SAaonABiMETBR SoALBS. — The amount 
of the rotation of a substance is proportional 
to the distance that the movable wedge has to 
be displaced in order to neutralise the rotation. 
A scale is tlierofore fixed to tho movable wedge, 
and a vernier mounted on the fixed one as 
shown in Fig. G. Tho scale and vernier 
(kS and V of Fig. (i) arc illuminated by the 
beam from the deviating prism (T in Fig. 4). 
This falls on a grey glass screen W (Fig. 0) 
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and is rellectod by the mirror Rj on to tho 
scale and vernier. The reflected imago of 
the latter in tho mirror is observed by tho 
telescope 0. 

it will be realised that tho scales of all 
saceharirneters arc arbitrary, depending on tho 
angle of the wedge and on the length of a 
scale division, the rotation in a particular 
position h(ung 7il tan 9(k) where 7i denotes tho 
number of divisions tho wedge has been move<l 
from its zero position, I the length in milli- 
metres of a single scale division, 0 the angle of 
wedge, and k the rotatory power of quartz per 
millimetre for a partioiilar wavc^-length. 

The wedge angle and length of stialo division 
adopted by Solcil were hucjIi that tho rotation 
of the plane of polarisiition of sodium light was 
21 -G?” wlien the wedge was moved 1(K) divi- 
sions. This was supposed to be tho amount by 
which tho plane of polarisation of so<lium light 
was rotated when passed through a quartz plate 
exactly 1 mm. thick, the faces of the plate 
being out normally to tho o])tu‘, axis. 

The value of the rotation given above is that 
of Broch (184G). Later determinations have 
shown that the 8f)ceifi(! rotation of quartz is 
appreoiahly greater than tho above value; 
ncvortheloHs, the 100” point on the scale has 
been standardised for the rotation as given by 


Broch, so that all French sacchariinoterM give 
almost identical readings — whicdi is by no 
moans the case with the other coutiiiental 
saceharirneters. 

§ (5) Rotatio2^ Constants op Sugar. — The 
specification of the normal sucrose solution 
which, when placed in a 200 miu. tube, would 
have a rotation of 21*07° for the sodium J) 
lines at 20° C., has been tho subject of a 
large number of determinations. Tho normal 
weight is defined as tho number of grams of 
pure suoroso that is contained in 100 o.c. of the 
normal solution at 20° ()., and values ranging! 
from 1()*0 grm. ( Dubrunfaiit) to l(i*51 grm. 
(Clorgot) have boon given. In 1875, tho value 
of 10*19 grm. ((lirad, and do Luyncs) was 
adopted os the oflicial normal weight, TIk^ 
International Clongrcss of Ajiplu^l (Ihemislry 
(Paris, 189()) Hugg(^Hi(‘.d that a n^dcterniioatioii 
should be made. Th(^ Fnmch Finance M iuistry, 
acting on tho rox)(>rt of Mascart and Bcnartl,’ 
adopted the value Jlh29 grm, which remains 
up to the pri^sont tlus ollieial Fn'iush normal 
weight. 

Ventzke^iii 1842 proposed that the rotation 
of a standard sugai* solution should be used to 
doterminci the 100" point on a satHjhari meter 
soalo. Originally, a 25 pc^r cent Holution of 
cane sugar was suggested as th(i normal 
solution; ho afterwards proposed that the 
spooifio gravity of such a solution could ho uBe<l 
for determining the oonoentration (that the 
normal solution should have a spetdfic gravity 
of 1*1 at 17*5° 0.). It was found impossihlo 
to make determinations of the spooiflc gravity 
with suflicient aceuraoy, so that the normal 
solution was defined its one containing 2G*()48 
grni. of sucrose in 1 01) c.c^ of tho solution at 
17*5° ().« 

In 1855 the Mohr c.o. came into general use 
(I Mohr C.O. * ■ volume occupied by 1 grm. of 
water weighed in air with brass weights at 
17*5° CU 100 Mohr e.e, JO()*2IJ4 metric c.o.), 
and, until 1900, sacJcharimeU^rs were staadard* 
ised with a normal solution based on the 
Mohr e.e. whilst tho normal weight remaiiKKl 
unalior<id. Thus tho scale usually recognised 
m that of Vontzko htis a normal weight 
1-002:14 times greater than that pniposod by 
him. 

Owing to the confusion and errors resulting 
from the two Htan<lardfl of volume, th<» Inter- 
national (lommission for uniform methods of 
sugar analysis * n^eomrnendtHl a new definition 
hasod u])on tho metric c.o, and a standard 
temperature of 20° Cl, as 17*5" (,!. is generally 
below the average temperature of a sugar 
laboratory. AfkT oorrocting for the change 

MuHc^art ct BCmanl, Ann. (Viim. FhuJfigufi, 1809, 
(7), xvil. 127. 

* V(^nf.zko, Krdman'B Jmrn. fUr praktiftchB (Jhmie, 
IS42, XXV. 0.5. 

» IbitL, 1843, xxvlfl. HI. 

‘ ZvilHvhr, Ver. DnU. ZurMnd^ 1000(1.) 1. 867. 
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in the specific rotation of the sugar solution 
mth temperature, and allowing for the tem- 
perature coefficient of the saocharimeter and 
tube, a normal weight of 26-01 grm. is obtained 
for an instrument standardised at 17-5° C. 
with the Mohr flask. 

The International Commission decided to 
make the new normal weight exactly 26-000 
grm. The following definition was formulated, 
and has since been accepted in all countries 
with the exception of France and the French 
colonies. 

« One dissolres (for instruments arranged for 
the German normal weight) 26-00 grm. of pure 
sugar in a 100 metric cubic centimeter flask, 
wSghing to be made in air with brass weights, 
and ‘ polarises ’ the solution in a room the 
temperature of which is 20° 0. Under these 
conditions the instrument must indioatfe 
exactly 100-00. 

“ The temperature of all sugar solutions to he 
tested is always to be kept at *20° 0., while 
they are being prepared and while they are 
being ‘ polarised.’ ” 

By “ polarising ” is understood in this 
connection the measurement of the number of 
scale divisions that the wedge has to be moved 
in order to secure a match of the fields of the 
Lippioh polariser when a column of the normal 
solution 200 mm, long is placed in the path, 
the point of reference being the reading on the 
scale when the fields are of eq^ual intensity, 
mthout any active solution in the path. 

Owing to difficulty of making a solution of 
pure sucrose of the required concentration, a 
secondary standard has to be mad© for both 
the manufacturer in the primary graduation 
of the instrument, and the user of the instru- 
ment for checking purposes. 

The subsidiary standard is a quartz plate 
which when measured with a saccharimeter 
gives the same reading as that of a normal 
solution with the same instrument. The 
angular rotation of such a plate at 20° 0. for 
sodium light was determined by Sohdnrock^ 
iu co-operation with. Herzfeld,^ the value given 
by him being 34-667 °. Practically all sacohari- 
meters employing the scale of the International 
Sugar Commission have, until recently (1917), 
been standardised on this basis. The above 
figure is commonly called the “ conversion 
factor,” and its accurate determination is of 
great importance in saocharimetry. 

It had been noted at the Bureau of Standards 
that all normal sugar solutions, however care- 
fully prepared, gave a reading below 100-00° 
when polarised in sacoharimeters standardised 
on the basis of the conversion factor given by 
Herzfeld and Schdnrook 

^ Schonrock, Zeitschr. Ver. Dmt Zwkervnd. (Techn. 
Teil), 1904, Uv. 521, ahst. in Ann, d, Phye., 1904 (4), 
xiv. 406. 

® Herzfeld, Zeitschr. Ver. 3eut. Zncketird. (Techn. 
Teil), 1900, 1. 826. 


A preliminary scries of measurements woro 
undertaken by Bates and Jackson ® in 11)12, 
when they found that the normal solution rend 
99*90° S. This was subsequently verified by 
Walker,^ who prepared sucrose by the ahsohol 
method and obtained 99-88° S. Tills lod Hates 
and Jackson ® to undortako nii exhaiiHtiv('» in- 
vestigation of the whole ])ro])lenu 
The absolute rotation of a normal solution 
of sucrose in a 200 mm. tube was nieiistirod 
by means of the s]) 0 (ibro - pohirinicter, using 
the green mercury radiation. This was found 
to be 40-7(>3°. The absoliito rotation of a 
quartz plate that gave tlio same rca<ling 
a saccharimotor os tho nonunl solution was 
40-690°, the difforonco being duo to tho 
slightly difleront rotatory dispersioim tho 
two suhstancoa. 

The ratio of the angular rotations of n quartz 
plat© for sodium light 6892-6 A.) and tho 
green mercury radiation (6461 A.) had boon 
previously measured by Bates**; this instant 
was re-detorminod and tho nican value fouiul 
to ho 

, 20 ° 

This ratio for tho normal sugar solution wow 
also measured and found to bo -84922. 

Tho value of the c^m version factor in 
therefore 40-699 X -86086 -34-(>2()'* for stalium 
light (X = 6892-6 A.) as against the vhIuo 
34-657° from tho HcrzfcUUSoliourock ter- 
mination. 

Herzfeld^ has criticised this rosult on the 
ground that Bates and Jackson hiivo omittrd 
to guard against tho p re ‘son or of iuu‘n>- 
organisms in thoir stanc lard Holutions, and that 
tho solutions from whicdi purt‘ HUt*roH<'* was 
crystallised wore not kept Hlightly alknliiio 
during evaporation to avoid sliglit hydn*- 
lysis. As Bates and JackHon hav(‘ pt*inta<l 
out in their paper, the viiUn^ for f lu* sprcnfiti 
rotation of sugar for Ukh normal Holnfhm 
obtained from the Hcrzf(*ld-8<-lu'inrofk ('(in- 
version factor is very luiioh higher than the 
average value determined from llu* formulae of 
Tollens and of hlasini and Villaveccluii ns com- 
bined by Lanclolt.** Ae<*(>rditig to the latter* 
- 66-502, wliilrtt the valu(^ jgiven by 
Schdnrock® is 06-027. The valu<* obtained 
from the redeternii nations of Bates iind -lack- 
sou is 66-629, which serves to corroborate the 

* Bates and .Tackson, hliyfdh TntrrmtUmtit 
of Afv^ Ohern., 1012, xxv. 517. 

* Walker, 1015, xvll, Nn. 2, 47. 

® Bates and Jackson, IfnU.Mur. Stn., 11119, xlll, 67. 

* Bates, W., 1006, ii. 247, 

’ HeryMd, ZeiUtchr, Ver. J)e.ut. Zuektrind.^ MU 7, 
Ixvlii. 407. 

« Laudolt, ojMscM l)rehunymfminyi*n{Xni\ cd.l. 
1808, p. 420. 

“ Schonrock, Ver, Deut. ZueJIcerhuht 1004 » II v. 
553. 
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value that they have obtained for the conver- 
sion factor.^ 

This modification of the Horzfeld-Schonrock 
values for the scale of the Intcmatumal ' 
Commission has been a(tcc])ted at the National 
Physical Laboratory (England) and at the 
Burcaxi of Standards (America). Apparently 
ponding international conlirmation it has not 
yet been accepted by other ])odiea. 

Sidersky and Pellet (ISOb) Hugg('st(‘d that 20 
grm. should be Uvsed as the normal weight 
instead of the Ki grm. (French) and the 2(J 
grm, (German). The proposal was rejected 
by the International (^)mmiHsion - in 1900. 
A strong movement for its adoj)tion was 
started in Amerh^a ® in 1018. The reasons in 
favour of, and against, this scale are considered 
by Saillard.* 

Ui) to the present, htnvever, no nOiable data 
of Hullicient accura(‘y arc' available^ to justify 
its adoption for high-i)re(iision Haecharimeters. 

(G) CONSTKtrOTIOM AND DeHKJN OK 
SAtJcriAiiiMioTHKS. — Tho polariser and analywT 
(with quartz compensating arrangement) are 
usually mounted on rigid trestle supports 
fastened to a heavy base. polariser 

is similar to the tyi)es uH(‘d on polari- 
m(^te!*s {q.i\) with fixed half-shadow angle 
(with the ex(‘option of th<^ lhdi(‘s-Fri^^ instru- 
ment). The movable wedge of the oomi)en- 
sating system is moved along (dose-litting ways 
by means of a rack-aud- pinion movement. 
Tho scale is mounted on the carriag(‘ ludding 
tho movable wedge. While the other wedge 
is fixed, in tho sense that it is not move<l when 
an observation is being ?nade, it can be moved 
laterally by nutans of a screw and key when 
necessary in order to arrange that at zero 
point of mat.ching, the hmgths of the movable 
wedge on each side of tho opUe axis of tlu' 
instrument should he in th(> proport i<m of 
.'10 : 115. This is iiee<le<l so that th(‘ full 
length of the W('dg(^ ami scah‘ can he utilised. 
The V(‘rnier scale can 1 k^ move<l ind('pen<leutly 
in a similar imiiui(*r to corna^t for the zero 
error the scale. The m(*tho<l of illuminating 
and observing the senh^ is indicated in Fiq, 0. 
When two wds of wedges are (unployed as in 
Fiq. 2, two H(»parate obmTving tclesi'opes are 
UH(‘(l In tli(^ Kric iustruinents, whiU^ in those of 
Goer/, ami H<‘hmidt and Hmmsch, the two stHts 
of S(ialc and vernier an^ brought into the field 
of view of the om ()hHorving t<*leH(!ope. 

The range eov<‘red by single W(*dge (movable) 
Haecharimeters generally exterulH from - .'Kf H. 

‘ An Indoix^iuU'nt (hdermlnatlon of the 100" point 
of the Herjsl’eltl -H<dH"mroel< scale has been rmule 
recently by Hhmek. His results eonllrm the vnlues 
ohtaIn(‘(l by Hat(*H and .Jackson. Lintu ntkroranieke, 
1020-21, No. 45; Xitckfnnd. cechuslomk ite- 

imhiik, 1021, xlv. 417,425. 

■ Inter. Sugar Jrnmt,, 1007, lx. 5. 

• (!f, UrowiKs UmiHimm Planter, Dee. 7, lOIH; 
•Inn. 5, 1010. 

Halliard, Joxini. (ks FuhrieanU da Sucre, 1010, 
lx.. No. 13. 


to +110° S. or 115” 8., the verniers reading 
directly to *1° 8. (in tbo case of tli(' Jlilgcr 
saccharimetcr tho vernier nwls dirc(itly to 
•05° 8.). Generally it is possibles to estimah^ 
to within a half of tho vernier division. Tho 
scalcfi and vernier are made of nick(>line having 
a eoelUcient of expansion of -OOOOIH, or of 
glass (-000008). A sensitive thermomet(^r is 
often mounted in the (lompcmsator head, so 
that the temperature of the w<’idgeH and scales 
(am ho accurat('Iy known. 

The inovalfie w'odgo of the H(‘lIiMgham and 
8tanl(‘y sacciharinu^ter is only oius (piarter of 
the length of the usual wedg(‘, and tlw'rt^fore 
the H(ail(i is <a>nesi)onditigly short (*r. The 
latter is engraved by nuains of a photo- 
(teramut ])roeesH and is obs(TV(*(l ))y t rrausiniti(‘d 
light, by mwius of a low-powcr luicrosejqx*. 
The vernwu’ is simihirly (‘ngrjuaxl on a glass 
plate and is mounted in the hsail i)lane of tlu' 
mieroseopi^ ocular. 

As th<^ abov<^-named proc(‘Hs admits of only 
on<^ dclinitc siz<^ for th(^ scale and v<‘nu(u\ the 
variations in the angle of th<^ wi'dge^ an* e(»m- 
p<>nHated for by a slow motion to rotate the 
w(*dg(* in the plane p(*rp(uulicular to tlu^ opim 
axis of the instrument, since' it is tlu* angle (jf 
th(' w(Hlge in the diroe^tion of its motion that is 
the ('ITcctive factor in deU^rmining the length 
of tlm Hcah*. 

Th(' external ftuvtunm and other details of 
mechanical construction arc best obtiiined 
from the mak(WH minu^l. 

§ (7) (JONDITIONH (JOVWttNINa TIIW AdOURAOY 
AND 8KNSITIVMNKHH OK SAOOJIAUIMMTKItH. 

The ojfihNil purity of tlu^ (puirtz in the com- 
pensating sysUun to a gnxit nuuisun^ (umtrols 
the a(Hmra(?y and HC'nsitivf'neHS of a wicehari- 
meter. Apart from n^gular twin crystals, 
wdiich can often Ix^ (h'Ux'U'd by an examination 
of the ('.ryst-al faen'is,® it is gcuu'rally found that a 
paralh'l plate of (piartz out pi'i'pimdietilar t-o 
the optic axis (xmtains a number of splke- 
shajxxl crystals of opfMJsite rotation irrt'gtilarly 
distribut('d, usually around the out-side of tlu^ 
plate and pointing towards th(^ <uuitr<\ 

These cam he <a)nvonic'ntly deteekxl by the 
nu'thod of Buisson,® when^ interfeixume bands 
are produc(‘d by the qtiartz jdaU* in a parallel 
b(xun of polarisc'd light. Wluui gr«‘em mercury 
light is emt)loy(Ml the int<^iq)enetrating crystals 
show up as sharp disejontinuitic's in the other- 
wise uniform intcwferenoci hands. 

If a quartz plate is examined in a powerful 
polarisc'd Ix'am of white light (say from a 
point-o-lito lamp) and the roUition of the plate 
ije coTUpensated for by adjtistment of a pair 
of quartz wc'dgc's plaecul (lir(x>tly in front of 
the analysing nicol (method due to Twyman) 
a scri('H of i>andH are seen of a hexagonal 
shape parallel to the natural edges of tho plato. 

“ (<f. Jx'wIh, Cry»iathgraiihit,\), 510. 

• BuirtHon, jQurn. d. Phys,, 6 st^rlo* 1010, Ix. 25. 
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Those apparently indicate that the rotatory | 
power of quartz is to some extent influenoed I 
by conditions at the time of its growth. As 
these bands are invariably present, even when 
the above-mentioned interpenetrating crystals 
are absent, it is important to out the wedges 
in a direction along the band. 

It is owing to the lack of homogeneity of 
quartz that the double wedge system (Fig, 2) 
is of considerable advantage. Not only can 
the scale of working wedgo be calibrated with 
reference to that of the “ control ” wedge at 
all points along its path, but also by placing 
the latter at different points, the rotation of 
a sugar solution can be measured with different 
portions of the working wedge, thereby elim- 
inating errors due to local imperfections in 
the wedge. 

These local errors in saccharimeter wedges 
can also be determined by means of the 
“ control tube ’’ of Schmidt and Haensoh.^ 
This consists of a telescojpic observation tube 
of metal which can be adjusted by means of 
a rack-and-pinion movement, to give a column 
of solution of any length between 226 and 
410 mm. By means of a vernier the exact 
length of a column of solution within this range 
can be read upon a scale, to within 0*1 mm. 
If an approximate half -normal solution is used, 
the 100® S. point on the saccharimeter will be 
given by a column about 400 mm. long. If 
the length of column required to neutralise 
the wedge at each scale division is determined, 
a cahhration curve is obtained that allows for 
the faults of the wedge and also for any 
inequalities in the scale divisions. It is of 
course important that the scale of the tele- 
scopic tube be accurately calibrated independ- 
ently. Browne ® has given the curves of 
errors of a Schmidt-Haensch and a Bates-Erifi 
saccharimeter taken annually over a period 
of seven years. It is interesting to note that 
while local imperfections persist, there seems to 
be a small progressive decrease, from year to 
year, in the average error of the scale. 

If the optic axes of the quartz wedges and 
compensating disc do not accurately coincide 
with the direction of the optical axis of the 
instrument, the incident plane-polarised beam 
becomes olliptically polarised after transmis- 
sion through the quartz, to an extent depend- 
ent on the amount of “axis error” and the 
thickness of quartz traversed. The methods of 
Gumlioh ® and Walker ^ seem only satisfactory 
for comparatively thick plates. Sohonrock® 
has investigated the interference hands (in 
convergent polarised light) of a plate of quartz 

1 Schmidt und Haensch, Zeitschr. fUr InstJcde., 1884, 
Iv, 169. 

“ Browne, Jmm. of Ind. and Mng. Cfmn,, 1920, 
xil. 792. 

* Q-umlich, Wiss. Ahh. d. 3 )hy 8 . teehn. ReichsanstaU, 
1896, U. 201. 

* Walker, Phil. Mag. 

“ Schcinrock, Zeitsch. Instkde., 1902, xxii. 1. 


the (qDtio axis of which inakos a small iingh^ 
with the normal to the plate. In conjimctiou 
with Brodhun ® he has evolved a method of 
accurately dotorinining the axis error of a 
parallel plate of quartz. The quartz plate is 
mounted on the table of a small spec^trouieter, 
and is mounted at an angle of about 40*^ to 
the optical axis of the collimator and telescope, 
which are in alignment. Ni(‘.ol prisms are 
placed in both the telesoopo and collimator, 
and on illuminating the slit with sodium light 
the dark intorforeneo bands are seen. Th<^ 
plate is rotated in its own plains until the 
displacement of the bands in either din'Ction 
is a maximum. The plate is tunuHl (about a 
vertical axis) until any one band is (((mtral 
with the cross wires in the teloseope (or to the 
slit imago). The plate is now rotated through 
180® in its own plane, the plato being siinul- 
taneously turned (by rotating the tablc») so as 
to keep the band in the same position. The 
axis error of the plate is given by one-third 
of the angle that the plate has to bo rotated. 
By employing a slow-inotiou movement for 
turning the spectrometer table Brodhun and 
Schonrook find that axis c^rror miu b<^ deter- 
mined to within a few secouds of are. 

The object of correcting for axis error in 
the quartz is to avoid ellii)tie polarisation of 
the plano-polarisod Ix^am after transmiKsitJa 
through tho quartz. The sanu^ oiT(*et is caused 
by accidental double refrae-tion at any point 
between the polarisor and analyser. It is 
therefore equally important that all tho wcHlgt»s, 
etc., be mounted as free from stfrain as possible. 
This is particularly applicuible to the quartz 
control plates used for standtu'i Using and olHK?k- 
ing the 100® point of the Hatxdiarimeter, as 
tho tonii)oraturo variations an^ inon^ pro- 
nounced in this cjise, fus W<a(jhmau’ and 
others have observed. Williams ** has 
a mount for tho control plat<‘, in which tht» 
latter is hold frewdy in a guanl ring of sttxd, 
•0025 mm. thicker than the (piartz plate. 

The glass j)latcH proto(ding tin* polariw^r 
analyser should he made of wcdl-anneahxl 
optical glass, as should also tin* end plate* or 
CQVcr glasHOH of the olm<Tvation tube. The 
latter are often ma(l(^ of plate glass, (Jus Ix'ing 
the origin of some of tlu* perph'xhig dUTt‘rt*nce8 
in rotation values obtained for one* uinl the 
same solution oxaminod in <IilToront tulx's. 

Owing to tho difforonco hetvvtM'n tin* rotatory 
dispersions of sugar solution and ^piartz (wlutdi 
though small is not negligible), the <‘olour dif- 
ference between the two halvc's of the held at 
the matching x)omt is (piitc appreciable wlnm 
a white light source is usccl, and an u(u*urat(* 
matching is very difficult. Tin* difTeren(‘e in 

* Brodhun und Schfhirock, ZnUcK Innth/f., lUUiJ, 
xxii. 304. 

I Weichman, Sohool of mtien Quartrrljf, 1«99, xx. 

» Williams, lOH), xxl. 3m 
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the vurlucs of the rotation of a normal solution 
when the sacchariineter ia illuminated with 
green mercury light (\ = r)4Gl A.) and aodium 
(X=5892-5A.) is *188® S. (Schonrook or *185® 
S. (Bates and Jackaon^), the value for the 
green mercury radiation being the higher. 

Sohonroek * therefore suggested that one of 
the sodium light filters of Lii)i)ich * should be 
used. The lattof used a 10 cm. column of a 
B per cent S(>luti<.)ii of })otasaiiiin bichromate, 
but SoUdnrock found that a 1*5 cm. layer wits 
sufficient. The International Sugar Commis- 
sion in 1912 a<l(>i)tod the resolution that when- 
ever white light is used in ttaccharimotric 
observations it must bo liltored through a 
solution of ])otaH«iuni diohroiuato of such con- 
oontratum that the product length of column 
in cm. and pereontago concentration =9. 

The evaporation of the water and the 
instability of the colour nocossitates that the 
solution bo ijeriodically renewed. To obviate 
this difficulty Adam Hilger, Ltd., have evolved 
an aniline dye filter tliat is more permanent 
and gives on a sacicharimeter readings identical 
with those of the standard biohroinato filter. 
Mg, 7 gives the percentage transmission curves 



for the two lili-ers, the data being obtained by 
means of a Ililger-Nutting Hfjeetro-phoionudor. 

It will be nolitied iliat these filtei’s only 
oxehule the lower portion of the H])e<!trum, all 
wave-hmgths above about r>7(M) A. being trans- 
mitted freely. It is only to be exp<’ete<l there- 
fore that dilTor<mt observerH shonld obtain 
slightly <lifTer(uit rosultH owing to their vary- 
ing spectral Honsibility (uirves. An interesting 
observatioix has been imuk* by lirowne.** Threes 
obHerv('rH adjusted the length of control tube 
re(iiuro<l to e<iualiso the intenwitieH in the fiehlH 
of two Hae.dhan motors tlie wcvlges of whidi, 
were sc^t at 1(K)® 8. l)ivi<ling tho mean value 
of each observer (for oaeh iiittl-rum<‘.iit) by the 

^ Helieiunxik, y.eiMi. TVr. Dml. ZurArHtid., tl)()h 
llv. 552. 

* ihiksH and Jackson, ttuH. Bur. »S7rt., 1910, xill. 

• H<’lU)nr(>ek, Zeitftek. Ver. Dent. ZitrKrrind.^ 11K)4, 
Uv. 552. 

‘ IdnnU'li, ZntHch, Jmtkdfi., xll. 

® bn>wiu‘, Joum. oj Jnd. and Bni;. (Dumi., 1920, xll. 
792. 


general average length of column, the following 
values, in terms of the saccdiariinotor scale, 
were obtained. 


Olmsrvex. 

Schmidt mid 
HiieiiRcli 
Siiculiarltxiutor. 

Kates-VriC- 

Sivcuhai-imeter, 

Averogt*. 


“ S. 

“H. 


A 

100-020 

99-971 

99-9956 

B 

99-992 

100-019 

100-0026 

C) 

99-987 

100-017 

100-0020 

Average . 

99-9997 

l()0-0()()9 

lOO-OOOO 


It will bo noticed that there is a differonco 
of about *04° S. between the results of A and 
0 on tho one instrument, while with tho ot.hor 
instrument this difforonco has an ai)prf)xi- 
inately equal negative value. On examination 
it was found that tho half-Lippich i)rism of 
the Bates- kri6 saecharimoter is on. tho right, 
while in tho Schmidt and Haensoh instrument 
it is on the loft. This indicates that tho 
partial absorption, of tho light by tho half- 
bippich i)nHin is an appreciable factor in tho 
ooini)lox ])r()blom.® 

§ (8) COKREOTIONS TOR TjEMriQllATtlRB. — As 
the temperature corrections in saceharimotry 
are unusually complicated, it is desirable to 
work at a temperature as near to 520° 0. as 
possible. 

The liixcar coefficients of expansion of quartz 
parallel and j)erponLdicular to the optio axis 
are •000007 and *000018 rospootively, so with 
a change of temperature the angle of tho wedge 
is altered, the ooofficient of tho change being 
— •0(K)000. Tho Bpooifici rotation of quartz has 
a temperature ooefifieient of -OOOISO (8ch5n- 
roek ’), whilst that of the metal soalo is about 
•0()(H)l« (or -OIKKIOH for glass). 

Tho total tcmi)orature cooHlc.ient of a 
Haccharimoter is -(HHKK)? - •OOOOlIi •+ -IKKllUfi 
d -000<)l8-.-()0014H in tho ease of tho ntetal 
scale, and •1)00188 when tlio glass soalo is used 

Tho tru() reading of tho inslrumeut* at 20® 0. 
in given by 

-1 litit - 20° 0. )‘l)001 48 (metal scale), 
or 

Rjo Hi + H<(i - 20° 0. )*(K)01 98 (glass seale), 

where is the reiwling of the sacoharimotor at 
Mk' temperature t. 

Tho tempcu'ature coefficient of a quartz 
plate is •00019(11 *00(0)7 '^-OOOUn. So that 
if Pf is the rotation in sugar degn^os of 
the plate at <l its rotiution at 20° (?. in 
Pan PtH-I>e(*<KH)148"-(K)0149)(^-2()) for the 

• According t(i a footnoto to tho alwve paper, 
Ilrowmi meutlonH tliiit Homo has exi>crloncc(l a 
Klinllar rovcrnal of tho i)erHonal cquntloti ” l)y 
looking at the huiigc of the ftcld In a piano mirror, 
or by ohM'rvlnn thoffohl with tludioad IxMit. downward. 

’ Scliiinrock, Zeitschr. Ver. Dent. Zuckerind., 1004 , 
llv. 521. 
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metal scale, and Pj|,=?,+-P|{-OOOOOS)(20-i) 
for the glass scale Baocharimetcr. 

Solibiirook^ has determined the tettiperature 
ooeffioient of sucrose between 9° 0. and 31° C., 
and in the neighbourliood of 20° C. it is *0001 S4, 
the coefficient of expansion of the solution is 
•000285, and that of the glass observation tube 
*000008, hence the total coefficient for the 
sucrose solirtion in the tube is -000461. If we 
neglect the effect of temperature on the reading 
of the quartz plate, we can express the rotation 
of a sucrose solution at 20° 0. (W^o) in terms 
of polarisation carried out at t° C., as 

Wao=Wt-f-W<{*000461 ■hK}{t-2Q}, 

where k is the temperature coefficient of the 
sacoharimeter itself. 

The temperature coefficients of other sugars 
are given hy Browne.® 

§ (9) Tbohnica-l Methods ov Saocea^bi- 
METEY". — The sacoharimeter is most generally 
used in the analysis of the products of the 
cane- and beet-sugar industries. Owing to 
the similarity in their rotatory dispersions, 
nearly aU the sugars can be quantitatively 
estimated by means of the sacoharimeter, 
although in certain instances, e,gr, commercial 
glucose, dextrin, etc., it is advisable to use a 
bichromate fdter of double strength (t,e. per- 
centage concentration x length in cm. = 18), 
as the rotatory dispersion of these substances 
is greater than with sucrose. 

For full details of the ohemistry and teoh- 
. nique of sugar an'dysis, reference must be 
miibde to the standard text-books of Lippman,* 
Browne, * Weiohman,® and others, and to the 
Circular (No. 44) of the Bureau of Standards. 
The following is the usual method of carrying 
out a direct polarisation, i.e. the determination 
of sucrose, in the absence of any other optically 
active substance. 

Dissolve the normal weight (26 grm.) of 
the substance (assumed to be chiefly sucrose) 
in a 100 c.c. flask containing some water. In 
general the solution will be dark, and a clarify- 
ing agent must be added, usually 1-3 c.c. of 
basic lead acetate solution followed by 1-2 c.c. 
of alumina cream. (The amount of clarifying 
agent should be as small as possible.) The 
volume is then completed to the lOO c.c, mark, 
any foam accumulating on the meniscus and 
preventing accurate reading being dispersed 
by blowing on it a little alcohol or ether from 
an atomiser. 

The solution is shaken thoroughly and 
filtered, the first portion of the filtrate being 
rejected, the remainder being weU shaken up 
again- A- 200 mm. tube is well rinsed in the 

^ SdirOnrock, ZeitscAr. Ver.Dezd. J^ueX:erind , 1903, 
liii. 650. 

* Browne, Eandbooh of 8 wcir Amlysis, 1912, p. 128. 

® Lippman, Ohemie d&r Zuclcerarten, 1904. 

* Browne, Eandboole of /Sugar Analysis, 1912. 

® Weiclunan, Sugar Analysis, 3id ed., 1914. 


solution and filled. The reading observed on 
the sacoharimeter (after correction for zero 
error of instrument) will give directly the per- 
centage purity of the sample. If tho whole 
operation has been carried out at a temperature 
other than 20° C. a corrocti(^n of -03° S. per 
1° C. difference can be used for high grades 
of sugars. 

§ (10) Invert or. Double Pouauisation 
Method. — The method of direct p()laritfation, 
as explained above, gives the percentage of 
sucrose only in the absence of other opticsally 
active substances. The double polarisation 
method depends upon the princi})le that when 
sucrose is hydrolysed tho reaction is expressed 
by the following equation : 

CiaH 220 ii 4H2O = -j-CijHjjjOft. 

Siiorose. Water. OUiooho. KruKt<M«. 

This resulting mixture of glucose and fruetoso 
in equal quantities is termed Invert Sugar, 
which has a specific rotation = - 2l). It 
will be seen that one part of suorosois converted 
to (360/342) = 1-05208 parts of invert sugar. 

If the specific rotation of auctrosc be taken 
as 66-5, then the ratio of optmal activity before 
and after inversion will be 

66-5 __ - CG-5 

1-052C3(“20) ■“ 21-0526^ 

which is a deC'Tease of 87*5520 in tlio speciflo 
rotation, and tho decrease for a normal sucrose 
solution would be ( 100 x 87-5526 )/C6*5 = 181 -60, 
so that the scale reading of a normal solution 
of pure sucrose would after inversion read 
- 31-66° S. 

It follows, therefore, that the deoT*oaso in 
the saccharimetor reading on inversion whem 
divided by tho factor 1-8166 gives* thoporcont- 
age of sugar originnlly present. This of (u)urse 
is only the case when no other optic^ally active 
substance present is hydrolysed, and whon 
the agent used for inversion does not iufluonoe 
the specific rotation of the oilier Hubstanees. 
The inversion method of (letomining su{*rose 
was discovered bj'" Clergot® in 1849, the in- 
version agent being a few e.e. of liydroehlorie 
acid. It is necessary to warm the solution to 
a temperature of 68° C,, and on cooling again 
allowance must be made for the dilution of 
the invert sugar hy tho acid. M^hon the solu- 
tion after inversion is too dark to 1)0 moasurc^d 
on the sacoharimeter, it may be <loeoloriHc^d 
by means of filtration through animal charcoal, 
or by the addition of reducing agents such 
zinc dust, etc., tho destruction of colouring 
matter being duo to tho nasc'cnt hydrogon 
liberated by the action of tho hydrochlonc*. no id 
present on the zinc. 

Unfortunately, the hydroohlorio acid con- 
siderably influences the specific rritations of 

• Clerget, Compt. Rend., 1849, xvi. lOOO. 
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fructoHO, raffinoso, amino com])ouuds, etc., that 
may bo ]irosGiit, and the Clerget method ia 
modified by either equalising the conditions 
before and after inversion with hydrochloric 
acid, or to use other inverting agents that do 
not have the objections of hydrochloric acid. 
Nuijierous organic acids have been tried, 
but as a whole have not been satisfactory. 
KjoldahP in 1881 employed yeast as the in- 
verting agent, the active part of which ia the 
enzyme invertaac, wliich can be prepared by 
the method given by Hudson.^ 

This invertiisc method is probably the best 
of the Clorget modifications, as it has no effect 
on the s])ecific rotations of substances usually 
present with sucrose excc])t in the special cases 
where raflinosc or gentiano.se is ])resont. 

As the temperature of a solution of invert 
sugar is raised, the speeifiti rotation of the 
fructose is gradually decreased, whilst that of 
the other constituent (glucose) is not affected. 
Those two substancies being present in equal 
quantities, a tempornture can l)o reached at 
which the rotatory power of the one stibstance 
will exactly neutralise that of the other. This 
temperature is usually taken to be 87® C., 
and forms the basis of the method of Chandler 
and Ricketts,® originally employed for estimat- 
ing the amount of commercial glucose present 
in cane-sugar, molasses, and honey. The 
saocliarimeter reading is obtained by placing 
the solution in a water- jacketed obHorvation 
tube (as deseribod in ‘‘ Polarimeter,” § (17)), 
and circulating water from a thermostat 
until the reading of a thermometer placed 
at the central opening is steady, at 87® C. 

w. n. K. 

F. T. 

RACoirAUiMETRV, direct polarisation methocl 
of. See “ Sa<'cfiuirimetry,’’ § (0). 

Invert, or double polarisation method of, 
See ihid. § (10). 

Technical nud-hods of. See ibid. § (fl). 
Temperature corrections in, S<‘e ibid. § (8). 
Saturation (of (Uilouk in Lioiit), the 
distinctness or vividness of hue. See 
“ Spectrophotometry,’' § (2). 

Saturation, Dkoruk of, used in connection 
with colour as an indii^ition of purity. S<*e 

“ Kyo,” § (8). 

Savart’s Polaut.scopf. See “ ^^)la^iHcd Ijight 
and its Applications,” § (15) (iv.). 

SoaTjE : a term uhihI in music, to dcuiote a serii^s 
of notes proceeding up or <l()wn at certain 
specified intervals. See Sound,” § (ll), 
SOALR-READXNO PKO.rEOTTON FOR SUNHITIVK 
Instruments, Sec “ Projection Appar- 
atus,” § (17). 

Kjcldahl, C(ymj)L Rmd. Labor. VarMirra, 1881, 1. 

* IFudson, Jouni, Tndm. Chem., 1010, 11, MS, 
“ OhaiidhT and Ricketts, Jourti. Am. <^hm, »S'or., 
1880, ii. 428. 


SCATTERING OF LIGHT RY GASRS, 
WITH SPECIAL REhERRNOE TO 
THE BLUE SKY 

§ (1) Light from tub Sky. — The fact that 
the sky is luminous at all calls for explanation. 
Its light is evidently derived from the sun, as 
the sky bocomos dark whenever the sun is 
far below the horizon. But why do wo 
receive sunlight from directions away from 
the sun, and why is the light modified to a 
blue colour ? 

If the sky in a direction at right angles to 
the sun is examined with a Nicol prism, it 
will bo found that the light is strongly polar- 
ised. The cUroettion of vibration is at right 
angles to the line joining the sun to the point 
examined. The jxilarisation, though by no 
moans (c>m])loto, is very cousjuouous, and 
could not bo missed by the most casual 
observer.^ (.^rarity to exirlain this effect 
must be a (U'ucial tost of tho merits of any 
proposed theory of the blue sky. 

All the ('ixplanations whi(d\ have from time 
tr> time been given postulate some material 
substiincio which intercepts jiait of tho incident 
sunlight and Hc.attcrs it laterally towards tho 
observer on the earth’s surface. 

This latiTal siuittering has always been 
connected with tho earth’s atmosphere. The 
blue colour seen against tho dark background 
of a distant mountain is obviously to be 
attributed to the same general causes as tho 
blue of the zenith ; thus wo cannot assign 
tho latter to anything that occurs in outer 
space. 

From many points of view fluorcseeneo of air 
woukl semn to afford an explanation. The 
ultra-violet light of the sun might give rise 
to a lateral H(uiUering of blue light of lower 
ref rang! bill ty than its own. This theory, 
liowever, is negatived by the fact that tho 
Fraunhof<u’ lines are jircsiuit in ihti light of 
the blue sky, just as in the direct light of tho 
sun. A fluoresciuK^e spe<^trum has on tho other 
han<l no ifonm^ction with, or at least no 
detailed resemblance to, that of the exeiting 
light. Moreover, this view leaves the polar- 
isation uiK^xplained. Another theory wtw 
attempted by (’laiisius.® He assumed that 
bubbles of wati^r were present in tho upper 
atmosphere, and he regarilod the blue colour as 
an example of the colours of thin plates, 
produced by reflo.xion from the bubbles. If 
these are suflieiently thin tho colour will bo 
tlie blue of the tirst order. This theory, 
however, fails to account for the richness of 

* The phciKum’non innybeuKcd io bring the itioon 
In Its earlier iilmseK Into view at an earlier hour 
of the day than would otherwise b(» powlble : the 
masking light of tlu^ .sky being partially quonchoU 
with the Nlt‘()l. 

* Poi/u> A««. Ixxll., Ixxvi., bxxxvlll. 
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sky blue, nor does it meet the requirements 
as regards polarisation very satisfactorily. 
Moreover, the presence of bubbles of the 
required thickness is a purely ai hoc 
supposition. 

The true direction in •which to look for an 
explanation was pointed out by the exj^eri- 
ments of Briieke. ^ He poured a small quantity 
of a solution of gum mastio in alcohol into 
an excess of water, which has the effect of 
producing a precipitate of the gum, in a 
fine state of division, and capable of remaining 
in suspension for a long period. If this liquid 
is illuminated by a horizontal beam of sunlight, 
the light scattered laterally will show a marked 
blue colour. When this is examined with a 
Nicol prism at right angles to the primary 
beam, it is found to be polarised almost 
completely, the vibrations of the laterally 
emitted, or scattered, light being executed in 
the vertical plane. If, keeping in the hori- 
zontal plane, we pass away from the rect- 
angular direction, the percentage of polarisa- 
tion becomes less, tending to vanish as the 
original direction of propagation is approached. 
The conditions of symmetry round the original 
beam allow us to anticipate this, since there 
is nothing to distinguish vertical and hori- 
zontal directions of vibration in the limiting 
case. 

An alternative method of producing the 
effects was employed by Tyndall,® who took 
advantage of a peculiar property of certain 
organic vapours. Butyl nitrite vapour, for 
instance, when mixed with a little hydro- 
chloric acid, gives a fine cloud as the result 
of chemical decomposition when illuminated 
by a powerful beam from the sun or from the 
electric arc, and this cloud, for a minute or 
two after its formation, shows the blue lateral i 
emission to good advantage: though the 
present writer has never been able to get so 
good an approach to a pure blue sky as 
Tyndall’s descriptions would lead one to 
expect. As the action proceeds the particles 
become larger, and the scattered light tends 
to whiteness. At the same time the polarisa- 
tion becomes less marked. The condition 
for a good blue, and for nearly complete 
polarisation, is that the particles should be 
small. 

§ (2) Lord Rayleigh’s Theory. — Small 
compared to what ? The answer was given 
by the third Lord Rayleigh.® They must be 
small compared -with the wave-length of light, 
so that at any given moment nearly the same 
phase of the incident vibration prevails at 
all parts of the particle. 

Rayleigh entered on a full theoretical dis- 

^ Pegg, Ann, Ixxxviii. 303. 

* Phil. Mag., Series 4, xxxvil. 385 ; PhU. Trans., 
1870. 

» PhU. Mag., 1871, xli. 107-120, 274-279 ; Col~ 
lected WorhsX 87. 


cussion of the subject.^ Ho Bhowod that if 
the particles arc regarded ns small iudoixuid- 
ent vibratoi-s, with tlioir phasoH at random, 
simple considerations of sytnmctry indi(*atetl 
that the polarisation must bo as obsorvod. 
The case was essentially dilToroiit from that 
of polarisation by reflexion from a glaHS sur- 
face, in that the i)hasos of the olonuuitary 
vibrators in that case wore not at random. 
It was also simply shown from the theory of 
dimensions that the iiitousity of the sc^attered 
light must he inversely proportional fo th<^ 
fourth power of the wave-length : thus the 
short waves have a great predouiinaiiee, 
which accounts for the blue colour. I^’roin a 
consideration of the analogy of waves on water, 
it ■will readily be seen that a small obstacles 
is more effective in breaking xip and sc^ait-t^ring 
short waves than long ones. For a mow 
detailed treatment of the subjeet, Hayleigh 
made use of the elastic solitl theory of light. 
Although this theory is now obsolete, it boa 
suf&oiont formal analogy with then (dcM'tro- 
magnetic theory to form a trustworthy guides 
Later, the subject wtis rodiscussed by him in 
terms of the oloctromagnotio theory.® 

The blue cedour of the sky, then, is to l>o 
attributed to the scattering of light by small 
particles. But of what naturet are these 
particles ? The earlier writt^rs apjxniUul to 
atmospheric dust, and RayUxgh in Ids earlier 
papers took the same view, favouring es}>eei* 
ally particles of common salt. LaU^r,® he 
showed theoretically that the molecuU^s of 
the air itself would accxumt for the gn^ater 
part of the effect. The ealetdation was htm^l 
on the values obtaine<l by Ibmguer, who 
examined the transmission of sunlight to 
the atmoR])horo, for various altifudc^'S of the 
sun. The light soattered laterally is nnssing 
from the transmitted beam, ami henc<» a 
measurement of the absorption gives a m<‘nnH 
of estimating the amount t»f, or at least a 
superior limit to, the seattt^ring. In tl»e 
calculation referred to, it was cumneett'd with 
the refractive index of air, and wit h t he mntdww 
of molecules in a cubic contimt^t n^ 

Later and much mor<» acettrate results for 
atmospheric transmission have been obtaimMl 
by Abbot working on Mt. Wilson, and kn(tw- 
ledge of the number of moleeules in a e.e, is 
now much more delinite. Using thesis im- 
proved data, Schuster’ shows that the for- 
mula gives results within 1 <tr 2 }hw (xuit* of 
those observed. 

It is to be remarked that this a(‘<*urat(* 
agreement is only got when the (dmervations 
are taken at a high altitude. The lowtw part 


• JPhU. Mag., 1871, xU, 447-454 
i.. 104. 




» Phil. Mag., 1881, xll. 81 ; (UtUrdnl Works. I. 5m. 
Iv 397 ’^’ xlvil. 375; VolUHai 

’ Theory of Optics, 2iul ed. p. 329. 
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3f tho atmosphere — eay the loAvost mile — 
contains dust which adds considerably io 
bhe scattering due to the molecules them- 
selves. 

§ (3) Dust - FR EE Atr; Exper,imenta.l 
Veiukication. — Thus far the investigation 
was carried by indirect methods. The direct 
observation of scattering by dust -free air 
followed considerably later. It was made 
independoiitly by Oabannos,^ by Sehmolu- 
ohowski,*^ and by the present writer.® Previous 
workers Tyndall) who had attempted the 
problem wore discouraged hy observing that 
the track of a powerful l)eani through air 
became ai)parontly dark when moans were 
taken to r6mt)ve the dust by filtration. It 
must be romomberod, however, that the effect 
to be expected is very faint. The tliicknoss 
of air illuminated in any laboratory experi- 
ment can only ho a small fraction of the 
height of the homogtmoous atmosi)hore. 
Thus if a heain of sunlight 5 in, square 
wore used, the intensity aeon laterally should 
be only about brightness of 

the sky. 

Success depends not so much on increasing 
the intensity of illumimition, or xising a beam 
of large diameter, for the limit of what 
practicable in those directions is soon reached. 
The point to be attended to is rather to design 
the ai)paratu8 in aucdi a way that no false 
light interferes with the observation. If tlxis 
can bo aohieved, then the great sensitiveness 
of the eye or the cximulativo action of the 
photographic plate can bo brought to boar, j 
The principle to bo used is to exaniino the 
beam, wlielhor visually or photographically, 
as it ptwsos across the mouth of a black cave. 
If the oavo is (U^oi) enough it gives an in- 
comi)arably darker bac?kground than black 
velvet or any other blaekened surface. The 
arrangemont used by the writer in his earlier 
experiments is illustrated in 7% 1. ^ The 
beam oiiterH by the win<low A. It is clo- 
limitod by tho diai)hrngm H. It posses out at 
(1, and is viewed Iat<irally by tnoans of tho 
window 1>. K is tho black oavo which forms 
tho background. P (diagrammatic only) in a 
photographic lens. 

When tho api)aral'UH is filled with the 
ordinary dusty air of the room, tho track of 
the (horizontal) beam is strongly marked out 
by tho illuminated <lust. On drawing a 
current of filtorod air through tho apparatus 
tho beam appears to casual observation to 
become invisible. But closer examination 
with a well-rested eye shows its traxsk still 

» Co7n7)t(>n liendutt, 11)15, clx. 02: Tysca 
d la Faculti ties Srienc.e» <U V Unu>miti de Puri^, 
11 ) 21 , 

* Pull. Int. (Ip V Acad, de Sr. (h Craroi^if, 1 1) 1 fl, i). 2 1 

® U. Strutt (ibiyleigh, 4fch baron), 7tw* 
Sor., 11)1H, xriv. 4f)«; ibid. A, 11)13, xcv. 165; 
ibid. A , 11)120, xevil. 430 ; ibid, xcvlll. 57, 


marked out in a faint blue luminosity. ^ 
Moderate filtration with cotton-wool suffices 
to remove all dust from the air. Tho use of 


T 


Plate 

Fict. 1. — Diagram showing Arnuigcment of Apparatus, 

a much longer and more tightly packed 
filter induces no further change. 

§ (4) Polarisation* and Intensity of the 
Scattered Ligitit. — If a Nicol or double- 
imago prism is held in front of the eye or the 
camera, it can readily bo verified that tho 
scattered light is almost completely polarised, 
the vibrations being vertical (beam hori- 
zontal) (see Plate, Nos. 6 and 6). A closer 
examination, however, shows that there is a 
slight residual defect of polarisation. Tho 
horizontal vibrations are too faint for visual 
detection, but can be brought out by pro- 
longed photograiihy. Experiments mad© in 
this way show that with air this faint com- 
ponent polarisation has about 4 i)er cent of 
til© intensity of tho strong one. 

This result indicates much more comploto 
polarisation than is found in tho sky. It 
must b© remembered, however, that that part 
of tho sky which is at right angles to the sun is 
not illuminated by the sun only, hut also by 
other parts of tho sky. Moreover, the air 
usually contains dust particles which are not 
small compared with the wave-length of light. 
.Both these causes tend to make the polarisa- 
tion loss complete. 

As regards the slight defect of polarisation 
found in dust -free air, this is to bo attributed 
to the non-spherical symmetry of the scattering 
moloouloB, 

Similar incompleteness of polarisation is 
observed in other gases; the extreme cases 

* OwliiR to a peculiarity of colour vision with faint 
lights, Hoino porsciiR are not able to recoRiiiBc the 
colour as bine, tlioxiRh otherfl foci no doubt about it. 
The use of colour-fllbors or a Hpcctrographlc examina- 
tion, however, knaves no doubt that tho scattcrctl 
light iP bluer tlum the incident (see dcHCrlption of 
Plate, Nm. 1, 2, 3, 4). 


Lens 
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1. Beam in dimt-froo air viewed transversely. Ultra-violet filter. The oval outline is llKht cUiriwcul hy 

walls of vessel. The heam is seen pa.s8ing across this oval. 

2. Similar conditions, except tliat a yellow filter is substituted. Beam very much fainter relative to 

light diffused by walls of vesso ■ 

3. Spectrum of light from mercury lamp scattered by dust-free air and showing ultra-violet linos 2530 and 

2054, but not the yellow and green lines. 

4. Spectrum of mercury lamp direct, showing yellow line 6890 and green line 6460, but not the far ultra 

violet lines. 

6. Beam in pure air through a double imago prism. Vibrations in upper image vortical . In lnw’(‘r horizontal. 
The beam is invisible In the lower image, showing that polarisation of the srattcrod light is noarlv 
complete. 

A HIyviIIaT* TkVh nyifVt /lnci^Tr ait* a 1\A«Ttvkci TmivTr /iAiv\v\rik wn 1\1 A In ln4*Av\af 
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hitherto found are nitrous oxide, giving a 
weak component polarisation 1.5 per cent of 
the strong one, and argon, giving -5 per cent 
for the same number. The nearly complete 
polarisation in argon will naturally bo con- 
nected with the monatomic molecule. It is 
probable that data of this kind will afford 
a valuable clue in unlocking the secret 
of molecular and atomic structure. J. .7. 
Thomson has discuHsotl the subject from this 
point of view. The total intensity of scattering 
in a given gas is proportional to the density, 
and this relation has boon tested in carbon 
dioxide at ordinary temperature u]) to the 
point of liquefaction. There is no evi<lence 
of molecular aggregation, wluidi would result 
in in(u-oiw» 0 (l stiuttering, u}) to this point. 
The proportionality to density affords an 
experinumtal proof that the intensities due to 
the separate tnoloculcH are additive, and e<»n- 
ao(piently have their phases distributed at 
random. 

The total intensity of scnittering in different 
gas<^H has been (iornpared, with the result that 
it is nearly pro]>()rtioual to the square of the 
refrat^tivity. This is in acc-ordance with 
theor(^ti('al antici|>ation for a si>heri(^al mole- 
oule, an assumption whiidi for this particular 
])urp<)He seems to nqjresent the main features 
of the' e^lse. 

§ (5) Rkhonanok KrF wots.—- A ll that has 
been said so far applies t<i (uvses whore the 
])oriod of the in(u<lent light is very different 
from the free period of tlie gimoous molecules 
or atoms. With ordinary gases this condition 
is fulfilled, sitiee the free periods are in the 
remot<^ infra-red or ultra-violet. Ihit in (*.ertain 
(uvsm of metallic vapotim it is possible to 
oxainine plionornena of resonance. H. W. 
\Voo<l * luis shown that when mereury vapour 
at the ordinary tcunperature is illuminated 
by light of the ultra-violet lino in the omission 
spectrum of mercury at a eof)iouH 

s(Mitf>ering oc<u»rs. The scattered light is 
but slight'ly ijolarised, and the transition 
betwe^en this (^ase and the ordinary scattering, 
in the al)H(uice of reHonan(‘e, has not been fully 
traced on ac.<M)unt of ex p(U‘i mental difliculties. 

Wood has also observed resonance in 
sodium vapour illiimiuatc<l by I) light.'-* 
The i>reH(uit wrii<w extended the observation 
to the light of the ultra-vioh^t line 
wliich is tlu^ member of th<^ princd[)al series 
next to the I) line.® He also showed that 
illumination by gave ris(^ to a secondary 
emission of the I) lino. This observation, 
howewer, belongs more proj)erly t(^ the subjec-t 
of lluores(um<<e. it, 

' /VnV. M(W., leiiJ, xxlli. eHft. 

» Ibid lOO.'), X. ; also Opticf^, 1012. 

" R. J. Strutt (RayUdgh, 4ti» Baron), /’roc. lUuf 
Soc. A, 11)10, x<-.vl. 272. 


Scattering of Light by Small Particles, 
Rayleigh’s law of. See “ Ultramicroscopo 
and its Applications,” § (2) ; also ‘‘ Scatter- 
ing of Light by Gases.” 

Schmidt and Haensch’s Polaeimeter. See 
“ Polarimetry,” § (13) (iii.). 

SoiiTTMANN Waves : a name given to waves of 
extremely short length measured by the use 
of a vacuum spectrograph, fluorite prism, 
and special photographic plates. See “ Wave- 
lengths, The Measurement of,” § (0). 

Screen, Kinematograpii, surfaces suitable 
for. See “ Kinomatograph,” § (11). 

Screen, Photometer: the surface which 
receives the light from the sources being 
compared. See “ Photometry and lllumma- 
tion,” § (.53). 

Screws, manufac-tui-o and testing of precision, 
as used in ()i)tical moasuremonts. See 
“ Diffraction Gratings, Manufacture and 
Testing of.” 

Search-light Mirrors, The Silvering oe, by 
Rleotrtoal Deposition. See “ Silvered 
Mirrors and Silvering,” § (3) (i.). 
Searcit-ltgtit Projectors, Photometry of. 
See “ Photometry and Illumination,” § (115). 

Seasonal Variation of Daylight. See 
“ Pliotomotry and Illumination,” § (74). 
Secondary Spectritm : the term given to the 
n^sidual cohmr effects in a simple aohromatio 
optical system. See “ Miorosoopo, Optios of 
the,” § 17 ; also ** Telesoopes,” § (9). 

Sector Disc : a device for rodiuung in a 
known ratio the illumination on one side 
of a photometer head. See “ Photometry 
and Tllum illation,” § (21). 

"‘Seed,” a Defect in Glass: fine bubbles 
wbieh should be removed during the process 
of lining, but w'hieh arc soiuetimos found in 
the linishod glass. See “ Glass,” § (IB) (ill). 
Seidel, yon, The Five Areurattons of. 
See “ Telescope,” § (3) ; also “ Lens 

Systems, Aberrations of.” 

Selenthm Gkll as a Physical Photometer. 
See “ Photometry and Illumination,” § (33). 

S EM r-iN DIRECT biuHTTKG. Soc “ l^hotometry 
and Illumination,” § (71), 

Sextant. See “ Navigation and Naviga- 
tional Instruments,” §§ (19), (20), (21). 
Sextants using bubbles aiitl pendulums. 
See “ Navigation and Navigational Instru- 
ments,” § (21); also “Aircraft Instru- 
ments,” § (9), Vol. V. 

Sharp Foot-candle Meter; a iiortablo 
illumination gauge. See “ Photometry and 
Illuminatiou,” § (03). 

Sharp-Millar Illumination Photometer. 
See ” Photoim^try and Illumination,” § (59). 
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Shill-buests, Location of. See “ Sound 
Ranging,” § (5). 

Shuttle, Exposing : a mechanical contriv- 
ance for exposing the sensitive plate in the 
camera. See “ Photographic Apparatus,” 
§( 8 ). 

Shttttbe, Speed of, measurement of, by 
various methods. See “Shutters, Testing 
of Photographic,” § (2). 

SHUTTERS, 

TESTING OF PHOTOGRAPHIC 

§ (1) Inteoduction. — ^The problem of accur- 
ately measuring the speeds of camera shutters 
has engaged the attention of a great number 
of investigators, but the methods evolved, 
though differing greatly as regards the nature 
and complexity of apparatus employed, are 
all based on the measurement of small intervals 
of time. 

The term “ speed ” really denotes the total 
duration of exposure at any point of the plate. In 
the case of between-lens sector shutters this is 
equivalent to the total time during which the shutter 
leaves are open. In the ease of focal plane shutters 
the speed is usually specified as the time taken for the 
opening of the blind to pass a point in its own plane 
opposite the centre of the plate. The duration of 
exposure at any other point usually has a somewhat 
different value owing to the variable velocity with 
which the blind moves. These durations in the 
plane of the blind differ from the intervals for which 
the corresponding points of the plate itself are 
exposed. 

The speeds of ordinary shutters vary from 
about 1 to 1/1000 second, though some types 
of shutter are designed to give speeds of the 
order of 1 to 5 seconds. In order, therefore, 
'that a method should give accurate results 
over the ordinary range of speeds it should 
be capable of measuring intervals of time to 
an accuracy of from 1/1000 to 1/10000 second. 
It should be noted in this connection that for 
most purposes it is not necessary to obtain an 
accuracy of, say, one per cent, since in most 
shutters the speed corresponding to any given 
setting varies considerably in successive, 
exposures. 

§ (2) Mbasueement op Speed, (i.) Simple 
Metlwda , — Before describing the more accurate 
methods of measuring shutter speeds it ma'y 
be of interest to refer to one or two simple 
methods which do not involve very com- 
plicated apparatus. One method consists of 
forming an image of an illuminated pinhole 
by means of a lens and placing the shutter 
to be tested in the path of the beam of 
light. If, now, a photographic plate or a 
piece of sensitive paper is made to move with 
a constant definite velocity in the plane which 
is normal to the optical axis of the lens 


system and passes through the point imago, a 
lie is formed on the plate or paper, when the 
shutter is released. The length of tlio lino 
gives a measure of the speed, provided that 
the velocity of the plate or paper is known. 
Instead of causing tho plate to move in a plane 
it is perhaps more convenient to use a piece of 
sensitive paper wound round a drum, which is 
made to rotate at a constant rate, tho axis of 
the drum being normal to tho (jptioal axis of 
the illuminating system. Tho accuracy of 
this method depends, of course, on tho con- 
stancy with which tlio sensitive surface is 
moved and on the accuracy with which tho 
motion can bo determined. 

A method employed some years ago consisted 
in photographing a bright ball forming the 
bob of a pendulum, 1 tho ball being redoast^d 
from a known height and photographed in its 
first oscillation. A black background, with 
white lines drawn at distances representing 
equal intervals of time, was uh(uI for dotor- 
mining the s^Kiod of tho shutter, this btung 
given by the length of tho trace of the bob 
image. 

A simple instrument for testing sh\itters has 
recently boon put on tlie market by a German 
firm under tho name “ Columbus.” ^ Jt consists 
of a timing-fork, giving 50 completi^ vibrations 
per second, between the prongs of which them 
is a small electric bulb. A sharp imago of the 
lamp filament is formed by a microstsopo ob- 
jective attached to one of tho prongs of tho 
tuning-fork. The instrument is sot up in front 
of the camera whoso shutU^r is to l>o tesU^d, 
so that, when tho fork is at rest, tho imago of 
the filament is focussed on tho ground glass. 
A horizontal slit is inserted in front of the 
camera objective ; wlum tho fork is caust'd t-o 
vibrato, the illuminated point images is tlmwn 
out into a horizontal line. If, now, an ex- 
posure is made while tlu^ dark slkU^ is moved 
downwards in tho camera, a wavy line is 
obtained. Tho speed of the shiitt-er is then 
determined from tho numl)er of waves formcMl. 
The instrument enables one to ineasim^ tho 
speed for the central rays and also the differ- 
ence in speed for the central and marginal rays. 

Usoful information on simple methodH of shutter 
testing is to be found in recent V(jlnm<‘S of tlu^ liritinh 
Journal of Photograph!/, in tli(^ (lernian work L. 
David’s PraHikum, 3rd edition, and in a pajxT by 
P. Schrott in tlie Photographuche Korremmdntz, Oct. 
1919. 

(ii.) More (KcuratR Mothodf!,— 

Tor more accurate deU^nninations of shut Ut Hi)(‘<'dH 
a number of devices, such as rotating discs provided 
with spokes, vibrating flinging flanu's, and tuning- 
forks, have boon employed for giving the lU'eoHsary 
short intervals of time. The first- nam(‘d nrrang<*« 

. ' discuHsionfl on pendulum ni(‘tUodH of iiieusur- 
in^e^shiitter speodn see Mrit. Journ. of Photography, 

* kei/s.f. Peinmechanik, 19120, xxvHi. 58. 
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mont was used by Abnoy,^ the spokes which project 
from a rotating disc being made to interrupt the 
beam of light which ^Misses through the shutter. The 
speed of rotation of the disc is determined iiy means 
of the note given out by a siren arrangement. 

Methods of measuring shutter speeds by utilising 
the motion of a revolving disc, containing a slit or 
slits, across a stationary illuminated slit, have been 
described by A. Kershaw ^ and .J, do G. Hunter.® 
The former varies the si)tH>d of rotation of the disc 
until, on looking through the apertun.'i of a shutter, 
the stationary slit appears to have no dark portion, 
indicating that the speed of the shutter is the same 
as the period of the rotating slit. Ip the case of focal 
plane shutters the stationary slit is arranged per- 
pendicular to the direction of motion of the blind. 
Hunter’s method is somewhat similar, except that 
ho measured the length of the trace transmitted by 
the stationary and rotating slits. As the positions 
of the first and lost points of the trace have to bo 
determined, a number of exposures are necessary 
at each speed, and in order to kec]) tlie trace at the 
same position an automatic releasing device is used 
so that the exposure is made when one of the slits 
in the rotating disc comes to a certain position. The 
method has the advantage that photographic records 
can ho made at the different (‘xposures. The shutter 
speed is d(^t(’innin(«l from the length of the trace and 
the speed of rotation of the diso. 

Ihmoist * has utilised the vibrations of an acety- 
lene gas flame to give equally spoocMl short intervals 
of time. An image of tlws flame is formed on the plate 
of a oamera. When this is swung round during the 
exiiosures, a series of images is formed and the siiood 
of the shutter can bo determined if the frequency of 
the vibrations of the flame is known. One form 
of apparatus employed in this method is as follows. 
A box is provided on one face with a small burner, 
at the 1 ‘xtremity of which the acetylene 1 <hI into the 
box is lighted. The oppositi^ face, which is formed 
by a ruhlicr membrane, is fixed against an opening 
arranged at a convenient height in the wall of an 
organ pipe of known fn'(iuoncy. Wlum the organ 
vibrates under the action of suitable liellows, 
the flame vibrates with the same fn^iuency. A 
somewhat simpler arning(‘ment is to use a flame of 
acetylene emitted from the end of a pointed tube 
wliich is surr(mn<l(‘<l by a glass 
oliiinney. Such a flame “sings’* 
and tU<i noUi can be varied by 
altt»ring tlu^ U'ngth of th(‘ ehimm*y. 
flhe frequ(‘ncy of vibration of the 
flame can be d<*ir‘miin(*d hy m<‘ans 
of the nob'. One- disadvantage of 
the singing flame miqliod is that the 
trace obtained is a <lisoontinuous 
one, so that tlie shutter speed 
(san only be detc'rminod with an 
atK'.uraey equal to the time inU^rval of one vibra- 
tion of the flame. Ilenoist * also stiggi'sts the 
employment of the vibrations of an eh'etrio arc run 
on alternating current of known fr<‘(|nenoy. 

A method employed by the Kastman Kodak 

^ Sir W Abney, Treatise on Tholooraphu, 1005, 

200 . 

* A. Kershaw, Patent Ko. 10,052, 1004, 

» J. (le (1. Hunter, Opt, AS’or. Tramt.t 1000, vUi. 1. 

* b. Henoist, Hrit Jimrn. of Phot,, l«ll, Iviii. 

Ot Oi 

" b. Ibmoist, JMl. Hoe, Ft. Phot,, 1010, 300, 


Cbmpany® consists in taking a number of ]>hoi.o- 
graplis of the shutter during its period of opemtion, 
the time of exposure of each photograph being small 
in comparison with the rate of movimient C)f tlm 
shutter. A beam of light from an arc lamj) in a small 
projection lantern is reflected from a lightly mounts I 
aluminium crowm on wliich are placed 20 small 
plane mirrors hold vertically on the face of 1-he 
crown ; the luiiieni condenser foousaos an image 
of the arc cnitor at the mirror surface. The crown 
of mirrors is rotated about a vertical axis at a speed 
of 50 revolutions ]>cr second by means of a motor 
controlled by a centrifugal governor. The lieam of 
light is thus interrupted 1000 times iK^r second, 
a frequency which has been found most siiitabk' for 
general testing. The beam is limited at the condenser 
by a vertical slit 2 mm. wide, the width of tlK*! beam 
as it flashes by itdlection past the shutter op(‘ning 
being about 1/30 of the distance between the tlashoH ; 
thus each exposure is about 1/30000 w'c.ond. The 
reflected beam falls on a Hinqilc lens behitnl which 
the shutter to he tt'st(‘d is ludd, and a Rmall camera 
lens of 00 mm. fiHial length forms an imng(' of the 
shutter on the rim of an aluminium whotd 12 inches 
in dinnuiter, around which a band of n(>igativc 
cinematograph film is fastruicd. This wdmel is ilnm 
rotated about a verti<'al axis by means of a crank and 
gearing at such a speed as to separate t.ho different 
images of tlu^ shuttcT. Uotii the spc^fKls and the 
efliciencies of a shutU'r may be detc^rmined by this 
method. For recording shutter speeds of l/JO, 1/5, 
and I /2 swond, the image of the shutter opening is 
restrieknl to a narrow band by inflerting a 1 mm. 
slit in front of the box in which the moving film is 
encloHwl. In ordc^r to save counting the Inindreds 
of imag(« obtained at these speeds one of the twenty 
mirrors may l>o painUKl black. 

A very aoourato mothocl of tosting shutUnr 
BiK^ods, de ponding on tho use of tiining-forka 
and vibration galvanomctK^rs, has Ix^en do- 
8(?nbcd by (larn])lKdl and Smith.’ A yflau 
of tho gimeral arrangomont of aj)])aratns 
omployod hi a modiflod form of tho oxyx^ri- 
mont is Bhown <lwigraininatuuilly in Fig. U 
Tho light from a “ Pointolito ” tnngHUm am 



P is r<‘necl<>d from tlio mirror M of a vibra- 
tion galvnnonw^tor an<l then pasROH through 
two lonH(»iH and La, A diininiHhtMl point 
imago of tho incandoscent tungHton hall m 
thuff formed on tho snrfaco of a drum I> wJiieh 

• P. 0. Nutting, Hrit. Jovni. of Phot., Ifllfl, IxUl. 

’ A, (*ainpb(‘U and fl'. Smith, P7m. Hoe, Vroe., 
1307 fl, xxll. 788; N.P.L. (UdUeUd Heseittehee, UMO, 
V . 03 ; see also T. Hmltlu Opt. Hoe. Trans., 1010 11, 
xil. 128 . 
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can be rotated about a horizontal axis at any 
conyenient speed by means of a small-power 
motor with variable gearing. The shutter SA, 
whose speed is to be measured, is placed in the 
position where an image of the tungsten ball 
is formed by the first lens Lj. A piece of 
sensitive bromide paper is wound round the 
drum. When the vibration galvanometer, 
which is in tune with an electrically driven 


vibration and is in tunc with a vibiution 
galvanometer of corresponding frequency. 

The electrical circuits employed are indicated 
.‘diagrammatically in I'ig. 2. 

The primary coil P of a transformer is connected 
through a microphone hummer ® M to a battery B, of 
from 6 to 8 volts. The microphone is mounted on 
or near the tuning-fork (or bar) so as to be set in 
vibration with it. The current, which is induced in 



Fio. 2. 


the secondary coil S of the trans- 
former by the intermittent curnmt 
in the primary circuit, passes through 
a condenser K and a coil 0 which 
attracts one of the prongs of the 
tuning-fork F. A tertiary coil T of 
the transformer is connc^cted tlirough 
a variable mutual inductance I to 
the moving coil of the vibration 
galvanometer G ; ^ the amj)lit.udo of 
vibration of tho galvanometer mirror 
can bo varied by altering the mutual 
inductance. The field of tho galvano- 
meter is maintiiined by tho current 


tuning-fork of known frequency, is set in* 
action, the mirror M vibrates about a vertical 
axis, so that the point image on the surface 
of the drum is caused to vibrate in a horizontal 
plane. A wavy image is thus imprinted on the 
bromide paper when the drum is rotated. The 
number of waves formed depends on the total 
duration of exposure of the shutter and tho 
frequency of the tuning-fork employed. When 
measuring the time trace which is obtained, it 
is most convenient to count the number of 
complete half-waves and estimate the end 
portions in terms of their projections on a line 
parallel to the axis of rotation of the drum. 
In order to get the greatest possible accuracy 
in determining the time intervals corresponding 
to these portions, it is necessary to remember 
that the motion of the point image is simple 
harmonic. By means of an easily calculated 
conversion table the lengths of the above- 
mentioned projections, expressed as fractions 
of the amplitude of the wave, may be obtained 
in terms of time intervals. In measuring tho 
speed of a focal plane shutter a fine horizontal 
slit is mounted at the centre of the shutter and 
as near to the blind as possible ; it is placed at 
the position where an image of tho tungsten 
ball is formed by the lens (Fig, 1). In the 
case of speeds where the width of the slit is 
not small compared with the width of the 
blind opening, a small correction has to bo 
applied to the result obtained, if great accuracy 
is required. 

For testing speeds over the whole range 
commonly met with, it is convenient to use 
a number of tuning-forks giving, say, 60, 260, 
and 1000 vibrations per second respectively.^ 
Each of these is electrically maintained in 

^ A vibrating cylindrical bar having a frequency 
of 1000 per second may be used. 


from a battery B, of 1(K) volts, a 
lamp resistance L being included in th(^ circuit. In 
order to get tlie best rt^sults the following condition 
should be satisfied tis nearly os poHsible.; 

LIW-I. 

whore w>=>27r??., 

L*s coefficient of Rolf inclucticn of tho 
secondary circuit, 

K»s capacity of condetiRor, 
and n = frequency. 

The method of maintaining inning-forks in vibra- 
tion by^means of microphone luimmers gives a good 
deal of trouble in praotioo. It is being superseded 



FIG. 8. 


by a method which has boon made poBsible by the 
recent development of triodc valv(‘s in conn<‘(!tion 
with wireless telegraphy.* Tho mc^tliod is shown in 
Fig. 3. 

* For information re microphone Innnmcrfl seo 
A. Oampboll, Roy. Sfoe. Proe. A, llUKi, Ixxvlli. 208; 
N.P.L. Collected Researches, il. 2bH. 

» A. Campbell, Rhys, ^'oc. Proc., KKIf) 7, xx. 
620 ; Phil. Mag.. 1007, xiv. 404 ; N.P.L. Collected 
Researches^ 1908, iv. 201. 

* W, H. Eccles, Phyii. Soc. Proc.^ 1010, xxxl. 260; 
W. H. Eccles and F. W. Jordan. Electrician, 1010, 
Ixxxii. 704; for theory, hoc 8. BurtCTWorth, Phvs, 
Soc. Proc., 1920, xxxii. 345. 
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The filamont F of the triodo valve V ia heated by 
the battery Fli. Tlu^ anode A is connected throngh 
the anode battery AB and the coil AO to one terminal 
of the lllamont, and tlio grid 0 is connected to the 
filament throngh the coil 00. The tuning-fork T 
is permanently magnetised by an auxiliary magnet, 
on whoso pole-piecoH the coils A(1 and 00 are wound, 
the jioloR of the fork being indicated by n and a 
fcJupjioHo tlie fork to have been Net in vibration, and 
consider the nioment when the two ])rongH are moving 
away from their resiieotivo coils. The motion of tlio 


the slit and tlio tungsten bull sliould lie on 
the same horizontal lino. If, now, the shutter 
is released while tlio drum is rotating, a record 
is obtained, giving at each instant a inoasnro 
of the length of slit uncovered. Such a 
record for a sector shutter is shown diagram- 
matieally in Fig. 5.^ The time trace tnay bo 
limited to one complete revolution of tlio 
drum by inserting an auxiliary shutter, set 
at the necessary speed, between the lenses 



polo B will induce an RM.F. in the ooU 00 which 
will raise the potential of the grid and so inoroaHC 
the currout ilowing into tlu’t valve at the anodts 
This curnmt leaving l)y the lilanumt coiiiphiti'H its 
circuit Ihrougli the coil AO, round which it pasHes 
in such a clircoiion as to re])td the polo and thus 
assist its motion. 'I'lio energy lU'cessary for keeping 
the vibration galvanotmter in action may be tappi'd 
oil from a coil j[»laced near A( 

§ (3) MwAHirRWMKNT OF EraciKNOY. — In 
addition to th<^ dotonuinntion of speed it is 
Hoinctimes necessary to measure the elHcieniiy 
of a shutter at its tUlTenuit HiK^ods. The 
mctliod employed in the easi^ of se(^tor shutters 
is shown in Fig. 4. A time trace is formo<l 


and Lg ; the two shuthu’s can then bo released 
at praetioally the same instant. A series of 
rnoasurements of tlui anui of the shutter 
aperture, corresponding to dilTcront lengths of 
tlio slit op(^ning, is then made by projecting 
an imago of the former* on to a piece of 
Himsitive bromide papier, a lino thread being 
Htretc!lu‘d aerosH the shutter at the position 
occupied by the slit. Siicsh a series of images 
is illustratc'd in Fig. 6, the white lino in cacli 
easi^ rc^pn^Bonting the position of the thread. 
From records like those shown in FigB. f5 
and 6 a curve is constructed, giving at each 
instant of tlie exposures tlio area of the 
shutter apertures throngh which light })asses. 




on sensitive bromide paper, wound round a 
rotating drum I), ]>y means of a system of 
lenses and as in the ('as(^ of tlu^ H|K^etl 
t<*st. In addition a horizontal slit. H is plac(*(l 
in a (Uam(*tral plane of shutt<^r Hh and 
as (‘lose to the shuttfT huives as possibits 
This slit is illuininated by liglit from the 
same “ TointoUh^ ” lamp P as is uh(mI for t.h<^ 
time trace, a c^yliiidru'al lens Ljj IxMiig employed 
to give a drawn-out images of the tungshm 
ball. An iniagt^ of tlu^ slit is fornuHl on the 
Hurfaci^ of the drum by means of a lens L4 ; 
it is advisablii to arrange that tlio images of 

VOL. IV 


Now, if r total duration of exposure, 

T (upiivaUmt tixposure, 
a ar(^a of sliutU^r aportun^ at time 
and A maximum area of shutk^r opening, 
it hdlows that 

AT=-W adt, 

• 0 

I adt 

T I 

Thus the (^/lieuuicy ■ . 

’ r Ar 

* It Is sonudinu'H preforable to form the time 
trace across the centre of the eUlckfucy record. 
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The value of the numerator is obtained by 
measuring the area bounded by the above- 
mentioued curve and the time axis. Hence 
the efificionoy may be determined. 

The efficiency of a focal plane shutter may 
be obtained theoretically from a consideration 



of Jig. 7. Let L be the lens and P the plate 
of a camera, B representing the roller blind. 
Let 

w;= width of opening in blind, 
velocity of blind, 

5= distance between blind and plate, 
/=:fooal length of lens, 
d=diameter of lens aperture. 

Then, using the same notation as before, the 
total duration of exposure t at a point 0 is 
given by 


where d' is the diameter of the oeam of light 
which the lens focusses at 0, measured in the 
plane of the blind. 


Bub 



therefore 



On the other hand, the equivalent exposure 
T at 0 is given by 


Thus the efficiency = - = — —j-- 

V)^y8 

In focal plane work with moving objects the 
user is interested in r, while the maker reckons 
to give T when he does not rely on his 
imagination. 

By way of example we may take t?=100 
inches per sec. (a higher value than usual), 
for T= 1/1000 sec., in which case A 
inch. Then, if d=//4 and 5= -6 inch, t= 
9/4000 seo. 

With a more usual value of % say 60 inches 


per second, T= 1/1000 ^eo. corresponds to 
T== 7/2000 SCO. Thus tho nominal superior- 
ity of the focal plane shutter for high speed 
work is largely one of nomenclature, and tho 
difference between such shutters and good 
between lens shutters is less than tho figures 
would indicate. 

The method of measuring tho eificioncios of 
sector shutters has boon employed by the 
writer for obtaining information with regard 
to the motion of tho blind in focal piano 
shutters. The shutter to bo tested is mounted 
at {Fig. 4) in such a way that tho length 
of the blind opening is at right angles to tho 
length of the slit S. When tho shutter is 
released, two traces are obtained on a piece 
of sensitive bromide paper wound round tho 
drum B. Fig. 8 roprosonts diagrammatioally 



Pia. 8. 

the typo of record that would bo obtained, 
on unwinding and developing tho paper, in 
the case of a blind moving with uniform 
acceleration. AB is the imago of tho slit 
when the drum is at rest and tlie slnittcr is 
fully open; tho cdoar apacH^s rc])ros(mt the 
images of fine wires stretched acitoas the slit 
at certain points for the purpose of rckTcnco. 
A number of interesting <iata <‘an bo chttiiinul 
from a study of tho trace CU). Lt^t lines 1>« 
drawn through tho points a-, 6, r, rf, c, an<l J 
parallel to AB, so as to cut the tinu^ trace K 
in the points b% c', d\ c\ and 'llicu, 
if we neglect tho finiU^ wddth of the slit 
image and also tho distance of tho slit from 
the shutter blind, wo obtain tho following 
results : 

(i.) d* 6', c' cZ', c' / reproHont the tinu^s 
taken by tho blind optMiing to pass cc^rtain 
points such as tho top, inhkUo, and bottom 
of tho plate. 

(ii.) a* e' and 6' /'give tho total timos taken 
by the edges of the blind opening to t-ni verso 
the plate. 

(iii.) Tho slopes of tho edges of tho tnicc (5,1) 
at any point give mcasuroR of the vidocitic^s 
with which tho edges of the blind oponing 
pass that point. j h a 


Silica, as used in tho manufactum of glass. 
See “ Glass,” § (4). 
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SILVERED MIRRORS AND SILVERING 

§ (1) Htstobioal. — Polished silver surfaces 
have long been used as inirrore on account of 
their groat reflecting power. Looking-glasses 
made of polialiod silver were used by the 
ancients, and in more recent times similar 
surfaces woro given i>arabolio forms for use as 
reflectom in lighthouses. Sncli poliflhed sur- 
faces wore oai)ablo of reflecting about (>0 j)er 
cent of the incidont light, but on acc^ount of 
the rapid loss in reflective power, duo to 
tarnishing, it was more common to use ])olmhod 
surfaces of speculum metal, whkdi dot« not 
tarnish readily and roflocsts al)out 63 per cent 
of light. 

Tlio advantages of a combination of trans- 
parent glass backed by a highly rofloctivo 
medium ai’O so groat that mirrom were made 
by pressing mercniry between glass and tin 
foil, the two metals forming an amalgam which 
adhered to the glass and in time hardened. 
This ])rocesH is in use to-day and is fairly 
satisfa(^tor.v for flat surfaces, hut it requires 
(U)nHi<lerabie skill to s<umro a surfa<!e fn^e from 
blemishes; and, moreover, it is not suitable for 
sui'facios with curvature. The process is often 
calked “ soft silvering. ” 

The chemical deposition of mc^iallic silvc^r 
on glass as nt»w practiHcwl probably owes its 
origin to Liebig,^ who found in 1835 that a 
brilliant <loposit of metallic silver resulted 
from boating an al(lohy<lo with an amrrumiacal 
solution of nitrate of silver in a glass v(^HHel. 

It seems, liow(‘ver, that a process (d silver- 
ing glass without ((uicksilver was |)ra(dise<l by 
Thomas Rogers of fjondou as early as 1750, 
but no details of the method are available.* 

Hilvonwl glass spluMical mirrors, f<»r light- 
hoiiH(w, were ma<ie by LcdourtUMiux Indore 
1840, and the id<^a t>f silvering glass miiTors 
on the fare for uh(^ in tolosttopos appeal's to 
have oti(nin’ed to both Mteinludl and Koueault 
iruhqHUidently. 

Stc'inheil first silvered k^kw^ope mirrors in 
1856, and rtders to thc^ “ Lkdug pnxnms,” 
whilst KoucaulpH account, given in the (Umiplra 
t\d)ruary 1857, rcdcu's to the “ Dray- 
ton process.'” Draykm's an^ i-he first British 
pat('.nts on (<hemi<Millv <kq)osit<nI silv<M*, being 
patents <)0(i8/1843 and 12358/1848. Drayton 
us(ul oil of cloves and grape sugar as reducing 
ag<mt.H of an ammoniaeal solution of nitrate of 
silver, 

§ (2) Monnim MuTuons.-- -Krom that time 
the recjords of the Patent Ofliiu^ show that 
tlu^re is searcoly an interval in whiedi patents 
have not been taken out for new metluKls 
cheinituilly (kq)ORiting silver on glass. Nover- 
tludesH, all the processes so far known are 
empirical ones, and then^ are so many eon- 

^ Antmlm dvr Vhvruiv raid Pharmarie^ xcvlll. i:J2. 

“ hin/ilhmiHVfi, Alun KtcveiiHon, 1B60, Part ii, t03, 


ditions affecting the reaction that no hard-and- 
fast rules can bo laid down. The most suc- 
cessful methods are given below. 

The Rochelle salt j)rocoss, introduced by 
Cinieg ill 1861 (Patent No, 619), is almost 
univoi'sally used when the work is required to 
bo silvered on tlic back; the “Brashoar” 
or “Sugar” process is employed when the 
deposit is required on the face, as in tolo- 
scopo mirrors, and where the glass can bo 
suspended face downwards in tlie silvering 
solution. 

In silvering largo areas of plate glass, the 
slioots arc liist washed vith a solution of 
proto-chloride of tin and then levtdled up on 
a warm table; the silvering solution is then 
poured over tlie i)ropared glass (being n^tainod 
in position at the edges by cjapillary action) 
and allowed to stan<l until the deposit is 
sufficiently dense. Eurthor a])plications of 
the solution can 'be a})plicd to iiicroaso the 
density if nccu^ssary. The (dfect of the ])roto- 
(ddoritie of tin solution is to ]iroduco a darker 
and more unifoi'in deposit, and at the same 
I time a (kqiosit that is more adhesive and does 
not flake ofT. To ]>roc,ure a uniform and 
adherent dojiosit of silvc^r it is necessary that 
the gbiHS Hurfac.o should bo fresh. Surfaces of 
old standing, however chemically (doanod, do 
not silver well and have often to he roground 
and polished before a satisfactory deposit can 
ho s(ieurod. 

Plate glass known as “silvering quality,” 
having rec^oivod an extra finish, makes the 
hiwt looking-glasHOH. i^heet glass usually makes 
mirrors exhibiting a yellow tinge, duo to sul- 
phiding from traces of suljihur aecjuirod in the 
ilatt.ening Her ; and, morcovoi*, the deposit on a 
fine surface is rarely as adliesive as that on a 
worluul one. 

(i.) Rwkdla Two stock solu- 

tions are riKpured' A and B. 

iSoluU'on .'1 : Silvc^r nitrate, 10 grams; water, 
80 e.(^ Whcin dissolved, add ammonia very 
slowly until prc(‘ipitate is mmrly redissolvod. 
Dilute to 1000 (\(<. with (listinod water, and 
filter, (iarc^ must be f-aken to avoid an excess 
of ammonia, as on this the siuumsB of the 
silvering <lep(m<lH. Thus, before filtering, the 
solution should oxhihit a faint brown colora- 
ti( >a. 

Solution Ii : 8ilvor nitrate, 2 grams ; dis- 
Hoiv(4 in <is little water as ])OHHible, and add 
1000 e.c.. of l)oiling wak^r. To this, whilst 
boiling, add 1*60 grams of Rochelle salt (sodium 
potassium tartratcO, and iiontinue boiling for 
twenty minutes or more until the li<iuid is 
lumrly ekuu', kuiviug a gr(\y ]>re(upiiate. h'ilter 
hot. 

Equal part.H of A and Fi arc mixed, when 
silver imme<lialely begins to deposit. Thus no 
time should i>o lost in pouring it over tlio 
surface to }>e silvorod. 
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In praotic© on a large scale the temperature 
is kept at 40° 0., when a good film is deposited 
in about twenty minutes. 

(ii.) Brashear's or Sugar MetTiod . — In Brash- 
ear’s process the most important thing is the 
sugar solution. This improves by keeping, a 
solution some months old being more effective 
than a new one. The composition of the 
reducing solution is as follows: lOOO c.c. 
distilled water, lOO grams loaf sugar ; dissolve, 
add lOO c.c. alcohol and 6 c.c. nitric acid. 

Solutions of 10 per cent of silver nitrate 
and of caustic potash are prepared separately, 
the latter one as wanted. A supply of ammonia 
and some very dilate ammonia are also re- 
quired, the latter in order to obtain the pale 
brown colour of the ammoniated solution of 
silver nitrate that is necessary before adding 
the reducing agent. 

Having selected a suitahle dish to contain 
the liquid, in which the mirror can be placed 
face’ downwards with about J or ^ in. of 
liquid underneath, find, on the basis of 1 of 
silver nitrate solution to 4 of the total required, 
the amount of silver solution needed. To this 
add ammonia till the first precipitate is dis- 
solved ; then add one-half of this quantity of 
the potash solution (this is a variation from 
Brashear’s formula that works well) ; and again 
add ammonia till the mixed solution is quite 
clear, taking care to put only sufficient am- 
monia for that purpose; then add a weak 
solution of nitrate of silver till a clear brown 
colour is obtained. Should this become a dark 
brown, some of the weak solution of ammonia 
will bring it to a pale brown colour, which 
must persist. 

The mirror, previously cleaned, is suspended 
in the dish in distilled water of sufficient 
amount to make up, on the addition of the 
solutions, the total liquid required ; it is lifted 
out and the prepared solution mixed with 
the distilled water and an amount of the 
reducing solution equal to about one-balf that 
of the nitrate of silver solution, more or less 
as the temperature is under or over 60° P- ; 
the mirror is then immersed, beginning by 
dipping the edges first and lowering so as to 
prevent the formation of air-bubhles mder 
the glass. The solution changes from pink to 
black, and in about thirty minutes sufficient 
silver is deposited.^ 

The thickness of the silver film suitable 
for telescopes has been found by Dr. Draper 
and Dr. Common to he about 0-0001 mm. 

(iii.) Alternative Methods. — An alternative 
method to that of immersion for the applica- 
tion of the silvering solutions is one of spray- 

^ Further details of silvering glass are to te found 
in The Observatory, No. 193, 1892 ; Ast. Thy. Jmr., 
1895, 1. 252 ; Nature, Sept. 23, 1897, p. 605 ; Bnyfim 
Mechanio, Beb. 3, 1911, Nov. 10 and 24, 1916; 
Knowledge, l^ov. 1914, p. 402; Conjoint J^port on 
Silvering by the Physical and Optical Societies, 1921. 


ing.® This is an economical process, tis the two 
solutions are mixed almost at the nioniont of 
application. Usually the solutions ar<» fed 
separately along the arms of a Y-tubc, uniting 
in the third arm, which is under air i)i-ossur(s 
the mixture issuing as a nebulous S}>ray. 

This method was tried, without mu oh suocohh, 
by Dr. Conrmon in silvering largo telosc<>i)o 
mirrors, but in its niodorxi a]> plication to 
searchlight mirrors silvered on the back, whci'O 
the spraying is done niucdi in tlio same W'liy 
as paint is applied by the aor()graj>li, and 
where the mirror can bo rotated at al)(>ut lOO 
revolutiems per minute at the Hunio tinxc iis it 
is sprayed, the process ^ has been quite suci- 
cessful in securing uniform films. 

IVEirrors silvered on the face become tarnished 
rather quickly unions ])r(>toctod from fho 
action of traces of suli)hidoH in the air ; oven 
then it is frequently nooossary to ro-polish or 
re-silvor. With mirrors silvered on tlio l)a(‘k, 
protection may be given by coating the silver 
in various ways aruiording to the subsoiiiKUit 
treatment it is oxi)ectod to rtu^xnve. In ordi- 
nary looking-glasses the silver is iimt coaitnl 
with sliollao varnish or gold mo, and subse- 
quently given a hacking of rod oxide of iron 
paint. Other backings, containing bitiiinonor 
gutta-percha, are also used. With such pro- 
tections tho silver remains good almost in- 
definitely, defects only appearing through 
action of the glass on tho silver, impurities 
left before silvering, or on ox]){)Sur<^ to trhe air 
by fracture of the backing. 

§ (3) Electric AT i DEnosmoN. (i.) Search- 
light Mirrors . — Soarohlight miiTors have nudal- 
Ho hackings to i)rot{^ct the silver. a 

coating of copper is dopositiCKl olec*trt)lytifalIy 
on the silver, and freciuently this rec‘eivt>s a 
further backing of electro - (Ieposite<i Icuid, 
which may be of suiliciont thickness to form 
a support for tho mirror in of fracture. 
Such a scries of layoi’S, glass, silver, cop pi 
and lead, is, on account of (iilTenuKrcH in 
coefficients of expansion, atttmded with dis- 
advantages if suddenly lieai.od, for the melnllic^ 
baoldngs expand beyond tho tdasticity limits 
of the glass and tear tlic silver from tho glasH 
surface, causing “ blistors ” to apiuNir m flie» 
silver film. In some casos tim silvc^r adh('r(‘H 
to the glass so intimately that a suria<^o lny('r 
of the glass itself is tom away, producing a 
frosted appearance. 

(ii.) Metallic Mirrors. — Advanf-ago has been 
taken of tho difforonce in tho (Mx^nieients of 
expansion of metals and glass to produce 
metallic mirrors by eloetro-depoHition.'* 

A glass surface acciiratcdy woi*k<Hl t(» tho 
figure required receives a dep( >Hit of silver ; t liiH 


® Patom 0977/1898, Tiarncs ami auotlicr. 

» Patent 127319/1917, Barnes. 

‘Patents 22730/1891, Lake, and 5«01)/1H:)IK 
Cowper-Coles, 12006/1007, Oowpcr-doU'H, 
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is then uaod us the cathode, and by eloctre- 
dopesition of the required metal the mirror 
is built u]) to tlio necessary thickness. The 
whole is then subject to a sudden teniporatnro 
change and the metal part sprung from the 
glass. 

Silver cannot bo electro -deposited on glass, 
except by first roughing the glass and pro- 
Xiaring it with jilumbago or making it 
conductive by other proocssos, e.g. burn- 
ing gold or other metal into its surface 
and then using the prepared surface as the 
cathode. 

(hi.) Cathode Rayn . — A more recent ap^dica- 
tion of the deposition of silver by electric 
moans is by the use of cathode rays. In 
vacuum tubes provided with elect rodos — c.g. 
X-ray tubes~-pr()longo<l clisehargo produces a 
blackening of the tube <luo to the deposit of 
a metallio film on the interior walls. In a 
similar way small glass siu'fa<^oa have Ixwm 
coated with, silver by this method of cath(»<lic 
deposition or cathodic sputtering. I’ho body 
to be coated is pla(tod just outside the dark 
space surrounding the cathode and is con- 
nect<Hl to the anode? The cathode is dise- 
shapoclor formed of a brush of lino wires, and 
the tube is hydrogen lilhul at a prossuro loss 
than O'l mm. morcniry. Almost any metal is 
readily deposited on glass by this method of 
sputtering, and almost any degree of opaque- 
ness (uin be HtH'.ured. 

(iv.) d'/icrmal DeponiUon, — Thormal deposi- 
tion of silver is practised by heating the metal 
in a small eloctrit^ furna<io in an exhaustod 
vessel, 'riie rectnving surface is kofit cool 
and brought close to the heated metal, when, 
as volatilisation takes places it receives a 
deposit of th(» metal. 

Mention should also bo tuado of the method 
of spraying stirfaccs with silver, surfacu) 

to 1)0 <'oate<l is phu^od Ixdow an oxy-aeotylono 
ilamo, into which is iuseitod silver wire. The 
ghiss trav'ols to and fro urrder tlio wire or vive 
and the for('<» of tho j(t/ carries tlio 
volatilis(Hl metal on to tho 8u^fa(^<s where it 
oorulonsoH.’ 

§ (4) Di'iNTAr. Arrr.iOATioN. — One of tho 
latest aj)pli<!atioiis of silvrM'iiig is in dontistry. 
hibx'toci <lontal tissuo is stu'ilisod by t.reating 
wiili an amnionia(‘aI solution of silvoi’ nitrate, 
wbudi it readily absorbs. Healthy tisstm is 
unathwtorl. 'Pho uifootiKl area is then isolahvl 
by ai further ajiplicution of formalin, which 
nuluces tho silver solution and dc^poshs nH«itallio 
silver, 4’liis lillsup minuto cavities, iuaoccvssiblo 
by oth(ir rmvins, and thus jirov'ents fuitlier 
infection. 

§ (5) JlAMi’-HimmMD Mnutous.— ‘Mlalf- 
silvered ” glass mirrors having a thin fih»/of 

* For fuller purtirulars H(‘<* “ I01(*cl rlcul im<l 
Tlurmnl DIrtliilcgrntloii of Metals,” Thr Vhemlrat 
Worlds U. Mi) ct tfei/. 


deposited silver have been applied to many 
kinds of optical instruments. Usiially the 
film of silver is of such a density that half of 
tho incident light is reflected and half trans- 
mitted. Rucli an arrangement ia found in tho 
Micholson intorferoinotor - and also in a form 
of binocular microseopo, whore tho light, after 
passing througli tho objective, falls on a half- 
silvorod surface, tho rofloclod and transmitted 
hoams then being directed to tho right and 
left eye rcspocdivoly. Another application of 
tho “ lialf-silvorod ” suHaco is mado in some 
forms of collimating gun-sights,® whore tho 
line of sight passes through the film to tho 
targ(d, whilst at tho same time tho oyo sooa, 
in tho same eiitical clirootion, the reflection of 
a fiducial point contained in an attached 
c( dliinator. 

§ (fi) MiHnKijr.ANKC)irs AroLKiATiom — To 
prevent loss of light in (ortaiii optical instru- 
ments it is often iioc^ossaiy to silver ghws faces, 
as in prisms on whu^h tho light is incident at 
less than tho criticial angle ; of these may bo 
cited the end refioctors or pent.agonal prisms, 
also the compound central juisms in use in 
many rangolindi'irs. 

A deposit of silver acting as an opaque 
screen has been mado use of in. tho Abbo tost 
l>late, whore a silver film on glass is ruled in 
such a manner as (entirely to remove the inotal 
along tho rulings. Tho result, when, soon under 
the luierosco po, is a coarse grating, with alter- 
nating opiupio and transparent bars suitable 
for testing mi(^r<>H(u)pe ohjoc.tivoa 

Next to the usc>) of depositcwl silver for 
looking - glasHOH, probably the greatest com- 
mercial applkuitiion is tlio silv<iring of tho 
ialorior walls of vacuum ilosks in ordor 
further to diminish the rate atwhkdi radiation 
(K^(?urs. 

(Uass and (juartz fihr<is aro silvered not for 
use as r<illcciirig surfact^s but to make thorn 
ehHd.rhmUy coiuluctive. In the Kinthovou 
string galvanoUK'tei’ a silvered glass or quartz 
fibre is Htr’etche<l in a sl.rong magnoUc field, 
tho silveuMl iibr*e atitiug as a conductor and 
forming the moving sysioin of tho instru- 
ment. 

5 (7) Amount of Rhki,kction.' -Hteinheil, 
as long ago as lHr>7, found iliat freshly 
deposited silvcu' r<^ll<Hito(l !)1 per e<‘nt of tho 
ineidont light at 45*’ in<u<lenco iiml rcfloetion, 
More recimt.ly Ilagim and Itnbens*' have 
d<d.<Tmiiie<l the coolTieieiit of reflee, iitin for 
perpoiKlUudar imddence and redeeflon all 
along the sfieid-rum, from XMOOOO in the 
irifra-n‘(l to MJfiOO in th<i ultrn-viol(‘t, and find 

* S*mHhMO)U(m (^tmtHfudiounto tOmdedi/e. No. 842, 
181)2, p. H (fooliioPO. 

■ *• (Jolllniiitluu •'rckHcoiK* nun-slfrhfH,'’ Sir Howard 
fJrnhb, Tntmtid'miH lion, fiiddhi Hoc.. March 20, 
1001. 

* (Ur lOOO, 1, 252, itloa, vlll- 1, 

am, xi, 878. 
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that a face - silyered mirror reflects almost 
equally well all rays in the visible spectrum, 
the coefiflcients at X7000 and \4000 being 
96 per cent and 86 per cent respectively. 
For values of reflectivity at varying angles of 
incidence see “Reflecting Power of Mirrors” 
by 0. A. Chant. '■ 

In the infra-red the coefficient of reflection 
rises to a steady 9*3 per cent, but there is a 
rapid falling off in the ultra-violet, where it 
diminishes to 4 per cent at X3160, but rises 
to 34 per cent at X2510. The trend of the 
curve, according to Hagen and Rubens, is 
upwards at this point, though Minor ^ 
finds a decreasing reflecting power beyond 
\250e. 

In consequence of this transmission of ultra- 
violet rays, silver reflectors are inadmissible 
in spectrographs and other instruments used 
for investigating the Sohumann and extreme 
region of the ultra-violet. 

Advantage has, however, been taken of this 
transmission band to use the silver deposit 
as a light Alter for taking photographs in the 
almost monochromatic light around X3000. 
(See “ The Moon in Ultra-violet light,”* and 
“ Nickelled Glass Reflectors for Celestial 
Photography,”* by R. W. Wood)^ 

When we come to the reflectivity of glass 
mirrors silvered on the back — e.gr. searchlight 
mirrors — ^thereis a slight loss due to absorption 
and internal reflection in the glass. Measure- 
ments of the mean coefficient of reflection 
made at the N.P.L. in 1918 give a mean value 
of 88 per cent, whilst one of ten specimens 
attained the high figure of 94 per cent. The 
claim for the superiority of the gildod mirror 
over that of a silvered one has now been 
abandoned. The mean reflectivity of two such 
mirrors is about 70 per cent and 86 per cent 
respectively, but there are conditions of land- 
scape which, undor illumination from a gilded 
mirror, give greater contrast than when 
illuminated by a searchlight with a silvered 
mirror, owing to diminished reflection of the 
green rays by the gilded mirror. The same 
contrast effect, however, can be produced 
with the silvered mirror by making the 
observations through suitable light filters. 

§ (8) REruEorioN of Polarised Lioht. 
— ^The phase change, when light is reflected in 
glass from a silver surface, depends upon the 
thickness of the silver, but for a thick film 
it appears to be three-quarters of a wave- 
length retardation.® 

Skoularly polarised light is changed to 
elliptically polarised by reflection from silver 
surfaces. Details of the change in position 
of the axis of the ellipse due to changes of 

^ As^. PTiy. Jow,r.f 1905, xxi. 211. 

® Ann. der PJivs., 1003, x. 621. 

* Mont. M. R.A.S., 1910, Ixx. 226. 

* Ast, PTiy. Joitr,, 1911, sxxiv. 404, 

® Mure (Bdser and Stansfield), 1897, Ivl 606. 


incidence are given in a “Note on the Polaris- 
ing Effect of Coelostat Mirrors.” ® ^ 


Simmance-Abadv Flicker Photometer. See 
“ Photometry and Illuiniiiation,” § (98). 
Sine CoNDiTioiir : a relationship which must 
be fulfilled for rays passing through dilTeront 
zones of an optical system in order that tlio 
defect known as coma may b(^ elimiuatod. 
See Microscope, Optics of the,” § (12) ; 
also “ Telescope,” § (3), and “ Optical 
Calculations.” 

SiNGLE-EAY VELOCITY, Axis OP! a direction 
in a biaxial crystal in which a ray untleigoes 
no double rofraebion ; also known as a 
secondary optic axis. See “ Polarised Light 
and its Applications,” § (7) (ii.). 

SiBEN : a device for pnxiiKiing a musical 
note of given frequency, in which a disc, 
with a circle of holes in it, spins so that the 
holes are alternately opened and closed by 
passing a similar set of holes in a flxofl ])lato, 
an air-blast giving the sound; this provides 
a suitable method for evaluating t.hc’i fre- 
quency of an organ -pipe, 8ee “ Sound,” 
§ (53) (ix.). 

“ SMASHTNa ” Point of a Lamp. See “ I^hoto- 
mefcry and Illumination,” § (78). 

SoDitTM Oxide, Use ok, in Olass Manupao- 
TURB. See “ Glaus,” § (5) (i.). 

Solids, Specifio Heats op, application of 
quantum theory to. See “ (Quantum 
Theory,” § (5) ; also “Calorimetry, Quantum 
Theory,” Vol. I. 

Soprano, Eh ; a brass wind-instrument of 
high comiiass. Soo “ Sound,” (44). 

SOUND 

1. PiTon, Scales, amd Tmwteramknt 

§ (1) Pitch and PuwQirENOY.-- Ah the keys 
of a piano aro struck in order from l(‘ft to 
right, the various notes of the iuHtriimont 
are heard, and wo pans, by a gradual traiiHition, 
from the deep tones of the i)aHH to tlie shnller 
tones of the treble. The sounds suc’cc^sHively 
heard are said to bo liighcr and /lifjher in 2nichy 
and pitch is that pr()])orty of the note \v]u(di 
determines its ^odUn% in this inuHical range. 
It is found to depend solely on the number of 
vibrations per second occurring in that Round. 
This number of vibrations i)or secionci, or 
frequency, is accordingly adcptocl as a precise 
physical measure of tho jukdi. Musically, 
the pitch of a sound is denoted eonventionaliy 
on the staff notation by the i>laoo of a certain 
symbol on a staff oonsiRting of five horizontal 
lines and their associated spactos. place 

of any staff among tho pitohes it is wished to 
• Aflt. Phy. Jour., lOOl), xxix 300. 
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denote is expressed l)y tlio olcf at its commonco- 
mont. Each such sound or note is called, hy 
one of the following letters, C, D, E, E, G, A, B. 
Further niceties are thou expressed by the 
i:)reseiico of a sharp (J() or flat (h), denoting a 
oortoin sharpening or flattening of that pitch 
indicato<l by the given position on the staff 
or its c(>rroBj)ondiiig letter.^ 


— J 

a 

a 

r -o- * - - - 


0 D F E a A B P# Bb 


§ (2) iNTKiiVAb. — WhcMi the above letters 
are used up the next musical sound to the 
right (higher in ])iU^h) is called C again, sonio- 
tinios disiinguiBht^d by an accent (O') to shew 
that it occupies a higher place on the staff 
and in the socpienec^ of possihlo notes. The 
frequency of this O', when recognised by the 
musical oar as sustaining the true octavo 
relation to (\ may be shown ox peri mentally 
to he just double that of Cl. Further, any 
two souikIh, for which tho ratio of their fro- 
ciuencies ctpuils tivn, are found to have tho 
same nuisituil relation. They are accordingly 
said to ho an oedavo apart. Or, in other 
words, tho intemd between thcsni is said to 
bo an (xiifave. Similarly, with any <»thor pairs 
of houihIh whudi are rcc^oginised as sustaining 
some one definite musical ndation, tho rnlh 
of their frccpu'ncies is a constant characteristic 
of and invarial)ly aMsoc‘iated with that relation 
and that only. Thus, the interval or range 
betw(‘cn any two musical sounds may bo 
tnc^asurtHl pliysktally l)y the ratio of their 
frequeueUw, t>r l>y some other nu'thod closely 
linlc<«l with an<l (UqMuid(‘nt on this ratio. It 
thus follows that a bu'gi^ interval is mcasurtMl 
by a nitio whitdi is tb(» prodiud of those rath)B 
whUh nmasure the small inftTvals of whkh 
the large on<» is coniiswed. b'or, if three notes 
have frc(jn<mci<'s in th<> nhition 2, and 4, 
tho ratios of the small intervals are 2 and 
4;B, whiles that of, the whole or extreme 
interval is 4:2; and this is obviously the 
product of the other t.wo, lint this miiltipli- 
cjation of ratios of ciunponent intervals to 
obtain that of the larger is sonudinH's incon- 
vemient. For <^xarni)lo, it docs not. lend its<df 
to plotting intervnlH to scfibs on a diagram, 
wJien^ tlio iiKuiHuro of t he <‘ixtr<'ni('5 interval 
must be tho sum of those of th<^ <'om]>onent> 
intcirvals. To me<'t tiiis ne<‘(i w<^ take tho 
logarithms of the ratios inHtca<l of the ratios 
tluunwdves. I'hon, in the above nnniericml 
wo have 

log 3/21 log4/B-<l«>K!l-'log li> I (log 4-log 8 >t1ok4/2. 

That is, tho logurithins add where tlw ratios 
multiply. 

Musitully, the intervals )>et.wotm pairs of 

‘ Knr prodiicMou of sonmls tif various tlcslrcd 
wi'o ttcctiou " Hound J^roilucers." 


notes are expressed by such terms as seromi, 
thirdi fourt7if fijth, etc., corros])ondLng to CU), 
CE, CF, CCr, etc. To those terms various 
imofixcs are used, such as ^najor^ minors diwm- 
Med, etc., to indicate tho varieties possible 
in certain intervals though named by the aaino 
ordinal number. An alternative method for 
naming small intervals is the use of the berms 
tone (or whole tone) and semitone. Thus, the 
intervals CD, BE are tones, while EE is 
a semitone. It must not bo taken to follow 
that Cl) is always exactly equal to 1)K, nor 
that EF is precisely tho tialf t)f either of tho 
above. Tho intervals EF, JKl, AJih arc 
called diatonic somitonos ; the intervals COj}, 
EEjJ, BJib hcdtig called chromatic, semitones. 

§ (B) So ALUS. — A sc‘-alo is a series of notes 
procooding up or down at certain specified 
intervals. Those usually consist of tones aiul 
Honuttmos, or of somitoncs only. 'Ibus tho 
following are examples of scales : (1) (1, 1), K, 
F, 0, A, B, 0 ; (i2) d, I), Eh, F, O, A, B, (J ; 
(3) (!, aj{, I), Dlf , bl, E, h% (b iH, A, Bh, B, a. 
'riu^ first and second are diatonic soalow, i.e. 
they include tones in theur intervals. The 
third is a chromatic scale, /.6. it is c-oloui’ed or 
affected by ushig notes not belonging to tho 
diatonic scale. Further all tho above are 
scuiles of (J since they begin and finish on CJ, 
cnllocl the keynote of tho B<?ale, and Imvo tho 
uotcB ap[>r()]>riatc to that scale. In tho 
ohroniaiio scmlo (3) all the intervals are calked 
scunitonoH (though not no(*.csBariIy all equal). 
In tho diatonic Hcalos, (1) and (2), tho intervals 
are (nthcr tones or semitones, but tho order 
of their oceurronco differs in tho two wcabs. 
'i’liua in tho lirsl tho order of inlorvals in; 
tone, tone, semitone, tone, tone, tone, Hotnitono; 
while in tho seconcl we have as tho order: 
tone, Hornitono, tone, tone, tom^, tone, somi- 
tone. Jn the fornu*ir cuh(\ the third from tlio 
keynote, (IE, is cnllocl a major third and tho 
scale a 7najor B<ialo. In tho hii.ttsr cuso, tho 
third from tho keynote, (MCh, Ih (uilled a minor 
thinl and the stuile a minor scalo. These two 
forms of th(^ dintonio sealr^ arc'i often referred 
to as th(» major and minor rnodcH, The minor 
sealo (2) Ih fho asccmdirig form of the melodio 
minor. Tho desconding form would have 
Hw and Ah instead of B and A. There is also 
tho harmonie minor which lias the same noUia 
in (h^Hcending and fiscending, viz, : 0, 1), Eh, 
F, (5* Ah, B, Cl Its intervals in tisconding 
s<Kju<mco arc, therefore, tone, semitone, tone, 
tone, sernitono, tone and luilf, semitono, 

§(4) MoDtriATroN.—SuppoHc that a piece 
of musk*, began with the notes shown in scale 
(1) above and fiftcr a time ih<^ F Wfis always 
replaced by Fff, It may then be found that 
tho Hixpienco of intervals is ohange<l so that 
ih<» Hcnlo in uso is really that of For, on 
passing up from ( b w'o liavt^ ; tone, tone, semi- 
tone, tone, time, tone, semitone ; and this 



680 


mmn> 


sequence is characteriatio of the major dia- 
tonic scale. The piece of music is then said 
to hay© changed in key from C to G. If, on 
the other hand, whoa originally in the key 
of 0 major, after a time the E should be always 
replaced by Eb, the music •will then have 
changed from the major to the minor mode, 
the key no-w being C minor. Such changes, 
either of key or mode, are called modulatioTis, 

§ (6) Intona-tion and TBMPnEAMENr. — By 
intonation is meant any precisely specified 
system of tuning the intervals in the various 
scales. A temperament is an intonation 
which, for the sake of simplicity, deliberately 
sacrifices some desirable exactness. The ques- 
tion naturally arises as to why this should 
become necessary. Let ns examine this point 
carefully, having in view a keyboard instru- 
ment with notes of fixed pitches. An ideal 
intonation would secure three signal advan- 
tages, namely : (1) pure concords ; (2) free 
modulation; (3) practical convenience. The 
first is needed to express truly the intentions 
of the composer and to satisfy critical ears, 
at any rate in slow music. The second is 
needed to enable the singers or players to 
take a piece in any desirable key and to allow 
of any unrestricted changes of key or mode 
which may occur within the piece itself. 
The third advantage is usually construed as 
being a limitation to twelve notes to the octave, ' 
though a few more may be allowable if arranged 
with studied simplicity. It must be remem- 
bered that the limitation of the number of 
notes in the octave is desirable for various 
reasons. Thus, if too great intricacy is entered 
upon, there is difficulty not only in tuning and 
retuning, but in playing and also in writing 
and reading the music. 

Is there any inherent difficulty in simul- 
taneously sa’tisfying the above three require- 
ments ? To answer that we must find what 
they severally involve. 

It is found by experiment that pure con- 
cords necessitate simple ratios of frequencies ; 
that is, ratios expressible by small whole 
numbers. This has led to what is called jziat 
intonation, in which the frequencies of the 
notes are as follows. Any departure from 
these precise relations impairs the purity of 
the concords. 

27 80 82 SI) 40 « 48 
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In estimating the intervals by their ratios, 
that of the higher note to the lower is taken. 
The logarithms of these three sizes of intervals 
(which may be called the larg^e tone, small tone, 
and semitone) are respectively 0-0511526, 
0-0457575, and 0*0280287. Or, if we take 


numbers of four figures proi^ortional to the 
logarithms, we have for thq relative sizes of 
the three intervals of the just scale 5115, 
4576, and 2803. Now, if wo repeated those 
intervals throughout the scale as given above, 
wo should have the largo tone oocurdng 
throe times, the small tone twice, and the 
semitone twice. Tliis would give by addition 
a total number 30,103, to represent bho interval 
of the whole octave from C to O'. Hence, if 
the notes in the scale which give concords 
with C are to occur at certain of the natural 
equal steps in a ladder througJiout the octavo, 
such a ladder would need over tliirty thousand 
steps. And yet this, as wo have soon, would 
be only an apj^roxiniation to absolute truth. 

But, for free modulation, we need to bo 
able from any note to prt)oeocl by any interval 
of the scale. Purtlior, all possible modulations 
must be linked up so that sharpened notes 
at some point or other coalesce with other 
flattened notes. Hence, for exactness, every 
step in the 30,103 would have tt) be prcjvidod, 
for no sraallor numbers express the same ratios. 

Thus, in the inevitable nature of things, the 
intonation which satislios the first and second 
requirements fails uttoidy at the third require- 
ment of practical convonionce. Or we might 
equally say that what satisfies th(' lii'st wlxon 
limited to twelve nott^s in the octavo, fails 
utterly to comply with the 

Another and more practical way of regarding 
the matter is from the point of view of the 
violinist or violoiicollo player. Lot two such 
players tunc a certain string of each instru- 
ment to, unison, and h^t one i)layer sound 
that whole string while the other plays uj)on 
such a portion of that string jib to give pure 
concords with the other. Thus, one might 
hold the keynote of a BCJik^ while the other in 
turn sounds the other notes of tlu*! sciiUe. Let 
the exact stops (or [jositions of finger) oix the 
string bo mjirkod. Then it would bo found 
that they do not fall in with any simple sub- 
division of the octavo into any snudl numljcr 
of stops corresponding to 0 ((UJil intervals. 
Such equal intervals would be obtjiinecl on 
shortening the string by thc^ hjuuo Jrariiori oj 
its iTien soimdiny leuf/t/i whtm pnxuH^ding to 
each new stop. Here lies tlu^ root (Hfftculhj of 
the whole problem. An<l it. is impossihh to 
remove it. Wo can but how to it and <1() the 
best that is possible iimlor the eircumstances. 

Yet another way of einphjiHiHing tlio difii- 
culty and illustrating its iiuwitabUuuwH is as 
follows: Pass up from a given n()U\ sjiy 100 
per second, in throe w^ays, namely, by octavos, 
by fifths, and by mjijor thirds. Then wo obtain 
the following throe scries : 

By octavos . . 100, 200, 400, 800, 1000, oto. 

By fifths . . 100, 150, 225, 337^, <itc^ 

By major thirds . 100, 126, 16Gb 
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This at onco shows that, in just intonation, 
no number of aseents by fifths nr ])y major 
thirds will over oiiual any other numl)er of 
ascents by octavos, for the hist immediately 
brings us to oven hiuulrods, while the former 
two load t(3 odd numbers and fractions. In 
other words, the numbers coneorned in those 
ratios (2, li, and 5) are prime to one another. 

It is therefore clear that every practical 
solution of the problem must be a compromiso, 
some desirable exactness of concord l[)eing 
sacrificed for the sake of simplicity and tu)n- 
venionce. And the way to Un<l such ))ractical 
solutions or temperaments is to seek sonu^ 
smaller number of stc])s in the octavo sueli 
that certain exact numbers of them will give 
for each note of the scale a tolerable aj)proxi- 
mation to the concord sought. In all such 
cases the octave relation must be retaimHl 
inviolate ; for it is more sensitive to tiiistuning 
than any other interval (except the unison). 

§ (6) Tiik (hiiKF Tkmimohamknts. — H uch a 
system as described above is calk'd a tempera- 
menlf because in it certain intervals are 
purposely lemj)ercd or made to lose some 
accuracy of tuning in order to meet Uu^ 
requirements of j)ra<*tical convenience and 
allow of free modulation with fowt'i* notes. 

TIu^ only tempe^ramonts that have enjoyed 
any great vogue hitherto are the mean-tone and 
the oc{ual temperanunit. Jhit it seems desirable 
to notice briefly tv'o others, viz. lloHaiupiet’s 
(lyclo of , Fifty- three ami Woolho use’s (Jyele 
of Minotoen, as the c^ompanson of the four 
pIac<CH the whole subjeet in a ck«ir(*r light. 

(i.) Ji(mnquet\H (Ujtic. of Fifty4kree,- - ^^V\m 
tomporameut is as luuir an api)roaeli to just 
intonation as couhl demanded from any 
instrument with lixed keys. It retains a 
diatonic Beiuitonc ('xcH'<*(ling tln^ half of a tone, 
and oven distinguiHlii's b(‘tw(^<ui tli<^ largo and 
small toiu‘H of the <liat(inio scale. As its 
name im|)lieH, it <livi<l(‘S tlu’i o(dave into Tili 
oipial parts or sb'ps, H allots i) of tlumi to 
the larg<^ tone, 8 tt) tlu^ small tone, and Tj to 
the (Uatouic setnitoiu'. Its (k^partnr<‘H from 
the just intonation do not reac^li tlurinimlndth 
of a tonci, luMux^ all the concords may bei 
^c^gal•d(Hl its true. M.s gnvit fault, 1 U‘h hen‘, 
two new notes arti needed for each <hango of 
key to the next sharp or Hat nunovt^ Tins 
is (,hio to the retention (»f the lHrg<‘ and small 
tones (9 Bkqm and b steps). Now from (1 to 1) 
the interval must 0 stops for the key of (l, 
but from (jT to A (for th(^ k(‘y of I’) the interval 
must bo H Hepft. 1’hus, wlien passing to the 
key of G, we re<[uire il utepn from (J to A (in 
order to reproduce luu’e th<i old iukwval () to 
I), between tlu^ keynote of a scaU^ and its 
H(‘.cond note). Hemie the lirst sharj) remove 
from 0 to G involves a diqhtlii-fihinjivnvd us 
w('ll as tho usual Ftf. the (irst Hl<‘p 

towards simplicuty is to drox) the distinction 


between large and small tones as iu the 
lom})erament to be noticed next. 

(ii.) MeanAone . — Tlio mean-Urne^ as its name 
im])lios, uses one size (►f tone only, but makes 
it the mea\i of tho largo and small tones 
required by tho just intonation. Thus, the 
interval C to E is made quite true on the 
mean-tone tomperamont, but is divided into 
two equal moan-tones. Tliis puts tho lifths 
(and fourihs) slightly out of tuiio. For, as 
wo have already seen, just major thirds never 
re])oat so as to build up any number of just 
lifths. Also, since tho fourth is tho dilfcrenco 
of an octavo and a fifth, it is disturbcul also. 
8tiU the harmony of tho mean-tone was found 
to be wonderfully good and was })rcserved 
on organs for many years. It xu’csented tho 
signal advantage that only one now noto was 
needed for each remove. Tho objection that 
drove it out of use was the fact that it still 
required so many notes to the octave for free 
modulation into any and every key. This 
was duo to tho retention of a diatouii*, semi- 
tone about threo-lifths of tho tone, 'rims, a 
sharpened noto nuUly dilfored from that 
derived by flattening tho noto above. Honoo 
to hoar tho moan-tono proporly all these 
80 ])arate sharps and Hats must ht^ j>rovidod. 
Jhit this was never done, its luutessity being 
apparently only imi)erfectly understood. To 
realise tho number of notes needed to render 
tlu^ mean-tone, we may noto that Huygens’s 
(’yckud q’hirty-one is praotloallyin agreement 
with it. Thus JU notes to the oetavo are 
needed to give fre^e modulation in the moan- 
tono, or in what is {iraotiiuilly equivalent to 
it. This (tyelis allots T) steps to oaoh hmo and 
3 steps to the (liabu\ie somitono, leaving 2 
steps for a chroinatic Hoinii.<)no. When iirgans 
with only live black cligitals to tho octave 
were tuned to mean-tone, only Hvo keys could 
be playt'd in bwidc the natural key of C. 
When the aUemi>t to ])lay in other keys was 
insistcil upon, then notes tuned as sharps 
w(‘rc^ ustsl when Hats W(W(s really needed, or 
vice Demi, and disasU'r followt'd. .But thirty- 
oiu' notes to the octave arc too many to expect 
on an organ and w(‘rc probably never provided, 
Ilencjc tile meaii-toni^ has not been really 
olTcnMl along with rn^e modulation. 

(iii.) WtmlkomdH r'//W<t of Nineteen. — Tho 
next thing is obviously to nuluee the number of 
stiqisin the octave while ntaining, if possiblo, 
tlu» diatonic semitone greater than half a 
i.one as it should be. This was done in the 
proposal of VVoolbouse to divide the octavo 
into LI) steps, allotting 3 flUqis to each tono 
and 2 sb'ps to each (liatonie semitone. The 
(imt cjuestion to bo aski^l is as to tho 
ajiproximation to just intonation which this 
ey<h* olTers as n'gards tlie thirds and lifths. 
It is found to be innirly as good as tho nu^an- 
toxie, having true minor thirds and major 
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sixtlis, the fifths and fourths being a little' 
out of tune. It is to he specially noticed 
that the sharps and flats of this temperament 
differ not in name only but in tuning. Further, 
that with nineteen notes in the octave modu- 
lation is quite unrestricted. The notes are 

0 D EFQ a BC 

1 If IbbH tf I J I ^ iKbl? I » ] 

r i i. r tf a i 

Uia 1. — Woolhouse’a Cycle of innctcen. 

shown to scale in Fig. 1. With this cycle it 
would be possible to play in the extreme keys 
Gj{, and I)j| beside the usual 15 keys. 
For slow sustained music it should be easy 
enough to play on a keyboard arranged to 
sound this cycle. The present black ^gitals 
could bo made with a front half (dull red, say) 


for the sharps and a back half (dull green, say) 
for the flats, then two shelter black digitals 
could be placed between E and F and between 
JB and C. They would bo the sharp of the 
lower note and tho flat of the upper. 

(iv.) Mqml Temperatnent. — This familiar 
temperament makes tho maximum sacrifice 
of harmony for the sake of free modulation 
with the minimum number of notes to tho 
octave, viz. 12. Tho semitones, whether 
diatonic or chromatic, are just half tlic^ tones, 
hence only 12 stops ai’o needed. T'liis tempera- 
ment makes tho intervals of tho major third 
and major sixth much too large, those of tho 
minor third and minor sixth much too small. 
Hence the common chords in either mode 
are far from ideal. 

(v.) CoTHhjoarisoTk of Variou^9 Temperaments 
with Just Intonation . — Much of what has pro- 
coded on the different toniporamonts is com- 
pactly exhibited in tho accompanying Table I. 


Table I 


CnnF MtrsioAii Temtebambwts and Just Intonatxon 




Scales, Intervals, Steps, and Errors. 





N'aines and 









ConcordH, 

Keys. 

Not(*H. 

Steps. 








0. 

C. 

D. 

E. 

F. 

G. 

A 

B. 




Just— 










1 

7 

Vibrations 

Intervals 

24 

0 

27 

1*02 

30 

1 93 

82 

2-40 

86 

3*61 

40 

4 42 

45 

5*44 

48 

600 

tnio 

8 

12 

Fr(‘() 

1 1 

20 

UnliTnifid 











incHhilntiou 

utmibor 











8( 

n 

Bosanquet’s 

0 

102 

1'92.0 

2*49 

3-51 

4-415 

6*434 

c-oo 

.All 

6 

17 









practieiilly 

12 

26* 

9, 8, 5, 9, 8, 9, 5 
=58 steps 

0 

9 

17 

22 

81 

89 

48 

6.8 

tru(^ 

28 

81* 










68* 

(r>l in name) 

Errors 



0-fib 


•• 

0*6b 

O-Ob 

•• 


68 

Huygens’s 

0 

0'905 

1-93 

2-52 

3-48 

4--15 

641 

6-00 

IViin 

d 

12 

(mean-tone 









major tliinl 

11 

17 

nearly) 

6, 6, 8, 6, 6, 5, 3 
=81 steps 

n 

5 

10 

18 

18 

23 

28 

31 

Vdi-y fro( )d 
minor third 

2i 

31* 

ItO 

81* 

Errors 


5b 


n 

8b 

8# 

2b 

•• 













ilullior Hut 
nijyor Ihiiil 

({ 

12 









“ 

and (Ifth 

11 

17 

Woolliouse’s 

0 

0 95 

1-896 

2*620 

3-474 

4*42 

6*87 

6 

Tnu^ minor 
third 

12 

IH 










Sc'.oond 



3, 8, 2, 8, 3, 3, 2 
=19 steps 

0 

3 

C 

8 

11 

14 

ir 

19 

1 »etv ecn 

D and 'JD 

19* 

19 , 

Errors 


7 

8-5l? 

S-6# 

S-6b 


71? 

•• 




Equal 

0 

1 

2 

26 

3*5 

4*5 

5-6 

' C 

Very shnip 
major t.liird 

12 

or If)* 

i-J 

1 

2, 2, 1, 2, 2, 2, 1 
=12 steps 









sixth, and 

1 md 

0 

2 

4 

5 

7 

9 

11 

12 

seventh 

or 29* 

12 

Errors 

-• 

2b 

n 

4 

lb 

s# 

o| 






Fewer notes required for given number of keys than might have been expected. Tlii.s is beciiUH(t In full 
number of notes by nam some are identical in pitch. 
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3?oi’ tlio just iiitonation tho niimbers of 
vibratioiiH in the waino time aro given for 
tho various notes of tho scale. Then below 
follow tho intervals up from (J bxi)rcBse(l to 
tho nearest hundredths of tho equal tompora- 
niont tones. For tho four temperaments 
which follow, tho vibrations are not given, 
but the intervals up frt)ni C aro expressed 
both in equal tones and in tho stei)s charac- 
toristic of tho totnporanicnt in (|uestioii. In 
a third lino occur the errors <»f tho tempera- 
inoiit from just intonation exprcHsod in 
hundredths of an o<iual tone. To give an 
idea what sort of interval this hundredth of 
a tone is, it may ))o noted it is that between 
lengths 870 and SOD of a given stretched string. 
This inay- bo realised in nrillinictros on a 
monoohord. Again, to make clear what tho 
errors of a tcmpoi’aniont moan when ex})reHSod 
as a ohnngo of stop on an instrument of the 
violin family, take VVoolliouse’s cycle and 
consider u violin string of vibrating length 
111 inc.luis (from bridge to nut). Tlum, if tho 
open (1 string l)o taken as tho kcyncto of a 
scale which is to be played on that string 
alone, the lengths of’ vibrating i)arts of string 
for jtist intonation and for Voolhouso’s 
toinporaincuit arc as follows : 


Notes 

. d. 

A. 

B, 

dJJust 

. 13 

11 -no 

lC-40 

^ [vVoolhouHO 

. 13 

11 -(in 

10-44 

DilTercncoH - 

. 0 

O-Ot) 

0-04 



flat 

Hat 


(Ah may bo Rcon from tho foregoing iuible 
of t(unpeninu>ntH, violin play<‘i*H nlrendy depart 
more than Ibis wlam adapting tbernHclvcH 
to tho equal fetnperament.) 

(vh) (VnV/ JiitiTvalM mthin tm 
th(i accompanying T’abh* U. am oxhihit(i<l 
tho chief intervals within an oetavo. ’’riie 
first (*oluimi giv(^s th(^ names of th<‘ iuhwalH, 
tim olh(‘r four eoluinim give their values 
elnssifitMl under t ho various sysieniH of tuning, 
viz, just inioiiatioiu ni<*an-loiu\ Woollunise’s 
(ly<‘le of Niiu‘le<‘]i, and <qual teiuperanumt. 
In theculuinii for just intoiiatbn the values of 
tho intervals <‘X })r(^HS<‘d both in crnlH (or 
hiindreM^ of the nmnlfittf. of tMiual kanjKUvi- 
me!it) and hi the rntio of frciiueueies of the 
higher to tho Iow<t t-oiu* of tlu^ interval. 
Thus, for thc^ major third, Istwi'en, the notes 
0 au<l 10, w<i have tho iiiU^rval expriwHed as 
118(1 events and also as T) : 4. In tli<' other 
eolimiiifl tho ratios are not givon, as they would 
usually bo eumbrouH and of vi'ry little^ value. 
In tho eolumn ft)P menu-tone, after tho values 
of tho iutervals in e<mts, aro iimertod in mtmd 
))raekets t.hc valiiew for lluyg<‘ns'’H (*ydo uf 
'J''lurtfV'One, whkdi aro vi^ry nearly the sanio. 


The reader may bo here reminded that tho 
various intervals in Bosanquot’sC'yclc of 
threc aro practically indistinguishahlo from 
those of just intonation ; they arc accordingly 
omitted from tho table entirely. 

^ (7) Histoeical PiTonES. — Widely dif- 
ferent jiitches have been adopted for the 
scales at various times and places and for 
distinct musical uses- A few typical pitches, 
ranging ever five centuries, aro given in 
chronological order in tho accompanying 
Tabic 111. It will be seen from this that the 
church and chamber ])itch began very high, 
fell, rose, and fell again. Tho represontativo 
European pitches remained with but small 
fluctuations for more than a century. Tho 
tjrohcstral pitch, after remaining fairly steady 
for some time, rose to a climax, but a tcacloncy 
to revert to a lower value sinewed itself in 
IHDO, and this low or hat j)itch is still often 
used. Tho ])itclios aro s))ccilicd by tho 
frequency of tho ni^to A in tho treble stafl 
and also by tlio intervals in cents above an 
imaginary lewdest pitch. It will be seen from 
the coliiinii of coats that tho whole range of 
church pitches in use covers seven semitones of 
the wpial tomporod scab 1 Tho old Euro])ean 
pitches, on tho i>thor liand, varied less than a 


(!. 

D. 

E. 

n- 

(J. 

9*75 

8-67 

7-80 

0-93 

6 -no iuohoB 

9-71 

8-70 

7*80 

B-00 

O-fiO 

cot 

0-03 

0 

0-00 

0 

sharp 

Hat 


flat 


singli-j seinitono. 

The same rcniark applies to 


tho iiKxbrn orchestral pitches, hut tho lowest of 
these latter is above the highest of tho fonnor* 

TI. FuorAdATioN OK Sound 

§ ( 8 ) Souitou ofSouni).— S eim ds have their 
origin in a rapUl to-aud-frt) motion of some 
body, solid or fluid, whiih is them said to 
Ik 3 in vibration. TMiis vibrating body may 
be the siring of a harp, idtino, or violin, the 
column of air in an organ-pipe, (lute, olarinet, 
or trumi>ct, the skin of a drum, tho prong of a 
tuning-fork, or the sides of a church boll. 
In any of these otwos the rapid to-and-fro 
motion thus started may spread by a wave- 
motion in tho atmosphere somewhat as ripides 
spread on tho surface of still water on a pnnd 
round the spot where a stono fell in. Hut 
though ther (3 is a general resomblan<!0 between 
th(» two cuises, some contrasts necxl to bo 
noticed. Thus, on the surface of water the 
spreading occurs in all horizoutal directions 
from the central source of disturbance. Menee 
th(3 ripples are rircleii. In tho atnuispheris (if 
unobstructed) tho spreading is in «ill dirootiona, 
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up and down as well as horizontal. In bo referred to here. The ripples arc HtarU‘(l l),y 
conseq^nenoe, we have a spherual sound wave the stone itself ; the sound waves often iu^cmI the 
spreading round its contra! source. Again, intervention of something else hetwecix tlnun 
in the case of ripples on water, though the and the origin. Thus the string of a violin 
spreading is horizontal the to-and-fro motion needs the bridge and holly of the instrument, 
of' the water is partly up and down. Eut, otherwise no approciahle sound would be hoard, 

TAana II 

Chief Intervals within ah Octtave 


Values of Intervals in varioiw Systems. 


Names of Intervals. 

Just Intonation. 

Mean-tone. 

"WoolllOUHO’S 

<Vdoof 19. 

IC((ual 

'roinix'niinciit. 

Ellis’s cent , 

1/1200 of octavo 



One hundrodth 





of H(*mitono 'of 
wliioli 12 an 





oi’tavi* 

Skhisma (2 cents 

Excess of 8 fifths and 1 

,, 

, , 

lVa<4i<fally- 1/1()( 

nearly) 

major third over 6 
octavos = 1*963 cents 



tone 

Comma of Tidymus 

Excess of 4 fifths over 2 




(22 cents nearly) 

octaves and 1 major 
third = 21 *606 cents 





or 81 : 80 




Pythagorean comma 

Exo^s of 12 fifths over 




(23 cents nearly) 

7 octaves =23 *46 cents 


Gonts 


Step or smallest inter- 

(For Bosanquet’s cycle 

(For Huygens’s 

63*157 

KM) 

val of cycle 

of 53 to octave «= 

cycle of 31 to 




22*6415 cents) 

octavo =38 *71 
cents) 




Cents 

Cents 



Chromatic semitone . 

/DtoD#71 or 25:24)) 
\Cto C# 92 or 136: 128/ 

76*1 (774*) 

(HJiy) 63*10 

190 

Diatonic semitone . 

112 

117*1 (116*1) 

126*31 

KM) 

Whole tone. 

/D to E 182 or 10 : 9 \ 

( C to D 204 or 9:8/ 

193*2 (193*5) 

181) *47 

2(M) 

Minor third 

etc E? 316 or 6:5 

310*3 (309*68) 

315*79 

3(M) 

Major third 

C to E 386 or 6:4 

386*3 (387*1) 

378*1)4 

4(M) 

Fourth 

Cto P 498 or 4:3 

6034 (503*23) 

505 *26 

6(M) 

Tritone, P to B . 

CtoF# 690 or 46:32 

679*5 (580*64) 

568*37 

6(M) 1 

Fifth .... 

CtoG 702 or 3:2 

696-6 ((S{)()*77) 

69*1 *73 

7(M) 

Minor sixth 

CtoAb 814 or 8:5 

813*7 (812*90) 

767*88 

8(M) 

Major sixth 

C to A 884 or 6:3 

889*7 (890*32) 

884*21 

9(M) 

Harmonic seventh 
Minor seventh 

Cto’^Bb 969or 7:4 \ 




(Fourth -1- fourth) 

[CtoB^ 996 or 16:9 \ 

1006*8 (1900*46) 

1010*53 

KHM) 

Acute minor seventh 

Cto B!?' 1018 or 9:6 | 



( Fifth -h minor third) 
Major seventh . 

CtoB 1088 or 16: 8 

1082*9 (1983*87) 

1073*69 

I KM) 

Octave 

Ctoc 1200 or 2:1 

1200 

1200 

12(M) 


* Numbers in ( ) refer to Huygens’s cyclo of 31. 


in the case of sound in the air, while the waves Sounds may also advance by a u’avc* niolicti 
of sound spread by advance along any and through any other gases, through li(iui<lM (as 
every straight line from the origin, the to-and- the water of lakes or tlio open ocean), ainl 
fro motion of the air at any point occurs wMy through solids (as the crust of the (Mirt h itH(df). 
tn the line along which the wave is there The speeds of sound in ilifh^nmt suh- 

advanoing. For this reason sound waves stances will bo dilTorent an<l will also vary 
are said to be longitudiml Thus, while the slightly with the state of each Huhsijuu'c^ 
ripples in water show crests and troughs the Eor mathomatioiil and physitnil trtmtnuuit 
sound waves in air have places of compression of these cases soo E. H. Eartoii’s h'^xt-bonk 
and rarefaction. Yet a third contrast may on Sound (London, 1S22); J. W. ('apstitik’s 
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Sound {Ciimh., 1913) ; or Alex. Wood’s Pliyskal 
Boms of Music (C-ainb., 1913). A goneral 
account of the more iinpoitaiit resultR is given 
in the following articles. 

§ (9) Tiri:oRKTiCAL Speeds of Soiind in 
Gases. — I t can be shown mathematically 


Fnithcr, in the case of sound in gases the 
elasticity in. question is known to b<» its 
pressure (P) multiplied by a factor (Jc) greater 
than unity. This factor {]c) is the ratio t)f 
the two specific heats of the gas under constant 
pressure and at constant volume rospoctively. 


Table FII 


TVPTCAli PlTCriHS IN (lirUOKOLOGTCAli Orubk 



PrcqiKmc.y of Tn^blc A. 




Date. 

Churcli 

aiul 

Chamber. 

lOuropcan. 

()r(‘.li(‘stral. 

ubov(^ 

l.oweat. 

Vhico, 

.Instruimnit or Authority. 

•• 


370 


0 

•• 

Imaginary lowc'st [>il.cli to rockon 
from 

13(>1 

505*8 


. , 

541 

Halberntadt 

Grgan 

ir>ii 

377 



3.3 

Heidelberg 

Arnold SeliUe,k’s low pitch 

KiH) 

507 -.‘I 



740 

North (Itmiian 

t’liureli j)iteU 

M<‘rH<‘nn<PH c.haniber pite-h 

i(i3(; 

503*1 



721 > 

UariH 

1040 

457*0 



308 

Vienna 

< )rgan 

1048 

f 373*7 



17 

PariH 


\ 402*1) 



148 

Paris 

Spinet 

1000 


437*1 

289 

VV'onu^ster 

Pathedral organ (by Thomas and 
Riaiattw Harris) 

1700 

384*3 


, , 

00 

biile 

Old fork 

1751 


422*5 

, , 

230 

Kngland 

Ilandcl’K fork 

1754 


415 


199 

Dn^Hdon 

Organ 

1770 

4144 

, , 


190 

Ilr(‘Hlau 

Clnvkdiord 

1788 


427*8 

• • 

251 

Windsor 

St. ( Icorgo’s ( liapel organ (moasurod 
hy Wilis, Fch. 1880, while still in 
m(uin-tono) 

1810 


430 


200 

Paris 

Work 

1820 


422*5 


230 

Westuunstor 

Ablxy orgjin 

1824 


•125*8 


213 

Paris 

Op(^ra pitch 

1828 


4;i3*2 

. . 

273 

bon<Um 

Sir( L Smart’s own philhaTinonio fork 

1854 

.‘108*7 

, . 


129 

Lille 

Old organ 

J850 



415*« 

323 

Paris 

Opi'ra 

1850 

*• 

/ 422*5 

437 

288 

2:10 

'PoulouHt^ 

lOnglaiid 

( !onH(‘rvaU>ire 

Curwen’s Tonic 8ol-Fa,” (1 w507 

1877 


1 .* 
j 4:io*i 

I 414*0 

318 

2H5 

L(»nd(>n 

Loiulon 

St. 1 Mini’s ( )rgau 

Pork to which organ tuned at 
H.M. 3h<‘atre 

1878 


1 

441*2 

452*1) 

305 

350 

London 

London 

('(►vent ( hirden Opera 

Kneller Hall M Hilary School (high 
pittdi <»p dill philharmonic) lib*'* 
479*3 at 00" K. 

1879 



455*3 

359 

Londrm 

Krard's concert pilch 

1880 

* , ' 


400*8 

380 

n,s.A. 

IlighcHl. New York piUdi 

1885 

*• 


452 

340 

London 

Inienuitbnud KxhibiUon of Inven- 
tion and Mimic 

1890 



4:10 

297 

London 

Lorn pitch or mo fihilharmonie 
Il!> 495, (1522; nil at 90“ H'. 


that tlu^ HjKHul of a wave motion in any suit- 
able (dastie intMlium is tlu^ wjuare root of 
th<^ ({\ioiimi--~ d(islirtty ('nnvvnml divided by 
density. Thus, if v is the Hpce<l of Hound in 
a gas whos<^ ap[>ropriat<' elaHti<'ity is M and 
dontiity 1), wo have tho relat ion ^ 

. . . ( 1 ) 


ItH exact value (kqiiMuls upon the number of 
atoms in tiu'i moh^tudeH of the gas. It 
approiiehes r>/3 for a inonatonie gas or vapour 
{/'..//. argon or iiuu’eury vapour), it is al)out 
^'2 for a gaH with diatomie molectuk^M, and is 
alsiut. 5/4 for gaH(*H with triatomie niolecuh^s. 
Thus for air k 1 *408 atul for steam 1 *26 nearly. 

Thus, if \v(^ now write 1 1 forthe volume of tho 
gas per unit. masH (tluH (juantity ])eing tho 
reciprocal of the <l(‘riHit.y), (Miiiation (1) boconicH 
t.=. . . . (2) 


* Soo " VibratUiuH of Air.' 
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In using these equations to obtain numerical 
values for any gas in a specified state, the units 
used must be in agreement and on some 
definite system. Thus, if the speed is required 
in centimetres per second, the pressure P 
must he in dynes ^ per square centimetre and 
the density D in grams per cubic centimetre 
(or its reciprocal U in cubic centimetres per 
gram). If the speed is required in feet per 
second, the change could be effected by divid- 
ing the previous result by 3048 (the number 
of centimetres in a foot) ; or, one might 
begin by putting 'the pressure in poundals ^ 
per square foot and the density in Ihs. per 
cubic foot and so get the result direct in feet 
per second. The ratio A is a ^ure number and 
has no units. It remains, therefore, the same 
v^hatever system of units is in use. 

Excbm^le . — To jBnd, in cm. per second, the 
speed of sound in dry air at 0® 0. at a haro- 
metric pressure due to 76 cm. of mercury 
(of density 13-6), the density of the air then 
being 0*00129 gm. per c.o. and the value of 
k being 1*408. Then we have 

V- ^/(l•408 X 76 X 13-6 x 981 ^0*00129) 

=33,265 cm. per sec. nearly. (2a) 

Effect of Moisture. — ^The ratio of the speoifio 
heats in water vapour is about 1*26 and its 
density is 6/8 that of dry air at the same 
pressure and temperature. Hence ^P/D for 
water vapour has a value 143 times that for 
air at same pressure and temperature. The 
speed of sound in air is accordingly increased 
by the presence of moisture. This increase 
depends on the amount of water vapour pre- 
sent, and may amount to about two-thirds of 
a metre per second. 

§ (10) Speed apfeoted by Timpbratuee 
BUT BTOT USUALLY BY PEBSSUEB. — By Boylo’s 
law the product of pressure and constant 
volume of a given mass of gas is constant for 
temperature. Hence we see from the form of 
equation (2) that the speed of sound in a gas 
is constant if the temperature be constant^ u?hatever 
the pressure may be within ordinary limits.® 
Por if P increases U eorrespondingly decreases 
so as to keep the product PU constant. But 
if the temperature rises, then the value of 
PU increases by -^-5 of its value at 0° C. for 
every 1® C. rise of temperature. Thus, if v 
is the speed of sound at^° C., Vq that at 0° 0-, 
and (PU)(, is the value of the product at 0® C-, 
we may rewrite (2) in the form 

"’=^^U)„(l+2-i)=V(l+243). (3) 

' At the sea-level in London, one gram weighs 
about 981 dyn^> 

® At the sea-level in London, one pound weighs 
about 32*2 youndaU. 

® Koch in 1907 showed that in air at 0®, but nnder 
25 atmospheres pressure, the speed of sound was 
1-008 times thjit in air under atmospheric pressure. 


For moderate changes of temperature tliis 
becomes 

Mi) 

Thus for sound in air, if wo take 33,200 cm./soo. 
for t’o, we have 

=(33,200-+ 61 i) cm. /sec. nearly. . (5) 

The equivalent approximate formula in feet 
per second is 

■y =(1089 +20 ft. ysoo. nearly, . (G) 

if the temperature bo measured in degrees 
Centigrade.. 

§ (11) Theoretical Speeds of Sound in 
Liquids. — In the ciise of liquids the wave 
motion of sound is still a longitudinal one, as 
in the case of gases. The elasticity called into 
play is also, as in gases, the volume ehistioity 
or bulk modulus. But it is no longer easily 
obtained from the pressure, as for gases. On 
the contrary, the elasticity for a liquid must bo 
found for each case from the experiments 
on it that have boon made by recognised 
workers in this domain. Jjot the value of 
this elasticity bo don<jto(l by K for a given 
state of some liquid, and lot M denote its 
reciprocal called the comproHsibility, then 
we have for the speed of sounds in the liquid 
the equation 

where D is the density of the liquid. 

Often, in tables on the subj(xit, the com- 
pressibility of liquids is given. Thus for water 
at 1-25 atmospheres pressure and 15° (). 
Amagat found the comprosBibility to f,)o 
48*9 X 10 for an inoroaso of pressure of one 
dyne per sq. cm. The density of w'ater at 
15® C. is 0-99912 gni. per e.o. Thus the value 
of the speed of sound in it would bo given by 

1012 \ 

48*9 XO-99012J 

= 143,166 ora. /hoc. nearly. (7a) 

If the density bo taken at 8° C. as 0-9900 gm. 
per C.O. and the elasticity bo siij) post'd to 
remain practically constant, wo shoukl have 

101 ® \ 

48*9 X 0-9990j 

= 143,000 cm. /see. xiearly. (76) 

It may he seen that although the much greater 
density of water than air lends to lessim tlic 
speed of sound in it, the still greater tlisparity 
of their elasticities ovoroorat^s that drawback. 
Thus the speed of sound in water is ovtu' 
four times that in air. 
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§ (12) THiflottETroAL Speed of Sound in 
Solids. — S uppose first that the solid is only a 
rod, and therefore quite free to shrink later- 
ally where strotohod and to bulge where 
compressed lengthwise. Then if Y denotes 
the value of Young’s modulus ^ for the 
material of the rod and ]) its density, wo have 
the folloiving oxjiroRsion for the speed of 
sound in it ; 

For a solid rod, 

-n/©- ••■(*) 

As an example consider brass, for which 
Y = 10^^ dynes per sq, cm. and D = 8*4 gm. per 
o.c. nearly. Then 
^/(10ia^8*4) 

= 345,033 em./soc. nearly, (Ba) 

or over ten times the speed in air. 

For an extended solid like the crust of the 
earth, wdiero there is no freedom for bulging 
sideways at pla(‘(^B oomproHsod endwise, a 
quite difToront relation holds. In this etuie 
lot K bo the bulk inoduluH or volume elaHtioity 
and N the rigidity (or shape elasticity). Thou 
the expression for the speed of sound takes 
the form ; 

For mi extended solid, 

-s/m- ■ • <•> 

Hupposc an extended mass of brass existed, 
and let it be n^tpiin^d to Und the Hpoe<l of 
sound ill it. 'I’lmn, taking the value of K 
to be 10-()5xl0‘‘ and N to be 3*5 x 10^^, each 
in dynes i>or sip eni., we obtain 

!»=^/{(HHrH■ V)l0itvB-4} 

« 127,081 om./se<s. nearly. (Ou) 

It may b(^ nof ictwl that the value of tlie 
speed for the (^.\tende<l solul is in this ease 
ni^arly 5/-t of that in a rod of thesanm material. 

(13) FxrEltlMKNTAL I >KTKUMr NATIONS OF 
Sri'jMi) OK Hounu in Aiu. Pauis, 1738. — The 
earlumt exact determination of the speed of 
Houml in the op<m air hihuhh to have been maiUi 
in 1738 by meinbi'm of the Paris Academy. 
Tlie stations uhimI w(‘re tlu^ observatory at 
l*ari.s, Montmartre, Fcnit^enay-aux-Uoses, an<l 
Montlhery, inv<»lving a total (listane-e of about 
18 miles. 'Phe exiierimmits wi^re made at 
night by liring eatimnis alkwnaiely at the 
two end stations. The tMiIculations <lepen<ie<l 
upon se<mig the flash and blearing the report 
at the otiier st-ations. Them the distanci' in 
(piestion divided by the time <4apHe<l b<d.ween 
the reeeiptft of the Hash and the report, gave 
the first rough value for the spi^c'd sought. 

The time recpiired by light to cover this 

* 'I’hlK 1« the ((uotl(‘nt. of Htrct-cliina force per unit 
area dividcMl by eloiiKai Ion por unit lentith. Beo «lso 
** Vi brat lens of u Jtod.’* 


distance is justly noglootod, since tho speed • 
of light is about 180,000 miles per si^eond. 
The experiments were continued for s(»nu> 
time under different conditions of tlu^ atnio- 
splioro as to wind, toniporaturo, barometric 
and hygrometric states. 

Tho conclusions arrived at from those 
investigations may be stated as follows : 

(i.) The speed i>f sound is indopondont of 
air jirossuro. 

(ii.) It inoroasoa with tho tomporaturo of 
tho air. 

(iii.) It apiioarod to be tho same at ouch 
distance from tho soureo. 

(iv.) The speed of sound with tho wind is 
tho sum, and against it is the dilToronco, of 
tho speeds of sound and of the wind. 

(v.) Tho speed of sound in still dry air at 
0® (1. (deduced by Lo Roux from above expori- 
moiitH) is 332 mctius por soe-ond. 

Four of the abovi^ oonclusions have boon 
confirmed by other workers at various 
times and places and under very diverse 
conditions. 

§ (14) Steed of Soxind in Atk. iNOitEASEB 
WITH Intensity. — Tho one conclusion that 
cannot bo accepted to-day for ordinary 
conditions is tho think I’liis would make it 
appear that the spood of sound is indopomlont 
of tho intensity. It might not have varied 
appreciably in tho experiments in question 
HO far tiH tho Htations used permitted <ui 
aiialyHis of tho matter. J$ut it is now known 
that with sufficiently great intensities tho 
speed is appreciably increased. ThiH was 
shown in 1S84 by Uognault at Versailles 
by experiments in tlui open air, two distHnocs, 
1280 and 2445 metros, being used, and reciprocal 
firing of guns atloptod. The instants of firing 
an<l of receipt of tho sound were eloctrieaUy 
recorded, and tho following results wore 
obtained : 

For tho (llBtauoo of 1280 motres, m. por aeo, 

For that of 24-15 metres, m. por flco. 

Menee by those oxpiuimonts it is shown that 
nearer the gun, wIkut tho sound is more 
iid-iume, th<^ speed is sliglitly greater. ThiH 
is in a(*,cord with theory. For when tho 
houikIh arc suflkuently intense tho ternpera- 
tur(» in the comiiressions is appreciably raised, 
and tlio speed incToase^d accordingly 
This im^reiise of speed with intimsity of 
the sound is well shown by the photographn 
of bullets in flight, due to IVofcssor (v. V. 
Boys, tak(ui in London in 1892 (see Fq/* 5^)* 
If a proj(M*tiIe nu)ves muc4i quicker than tho 
normal speed of sound, the air in front of itw 
nose is highly compressed and so boated 
until th<^ appropriato specKl of sound is that of 
the bullet. »So then the bullet has in front 
of it an<l round its sides a sludl of coinprt«J«e<l 
air like tho breast wave round a Hwan when 
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advanoiag in still water. In each case, the 
quicker the motion of the object through the 
medixiin the sharper will be the advancing 
nose of the wave. Further, in each case, 
the relation of the speed of the moving object 


to that of the normal waves in the medium 
can be ascertained from the geometry of the 
breast wave. 

§ (16) Expeeimental Determinatioit of 
Speed op Sound in Water. — The classic 
experiments on the speed of sound in water are 
those by Colladon and Sturm carried out in 
1826 in the Lake of Geneva. The stations 
were two boats moored at a measured distance 
apart. From one a bell hung in the lake and 
was soimded by a lever whoso upper end by 
the same motion fired some gunpowder, thus 
signalling to the other boat the instant when 
the sound started. The sound travelling 
through the water was received at the other 
boat by a funnel whose mouth was below in 
the water and upper end applied to the 
observer’s ear. The mean temperature was 
estimated as 8°*! 0., and the si)eod found 
was 1435 metros per second. 

It may be noticed that the theoretical result 
calculated earlier is in fair agreement with 
this, especially when it is considered that the 
water in the open lake must be very different 
from that experimented upon in the laboratory 
for its compressibility. 

§ (16) Speed op Sound in Water increases 
WITH Intensity.— Threlfall and Adair pub- 
lished in 1889 their experiments on the 
speeds of sound-waves from explosions under 
water in Port Jackson harbour, Australia. 
Charges of gun-cotton were used; the firing 
was electrical and gave a signal on a chrono- 
graph, on which also was recorded the instant 


when the sound reached an india-rubber 
diaphragm immersed at the far station 150 
metres or more distant. T^ho normal HpO(^d 
for feeble sounds in tho water was calcnlatod 
to be about 1500 inotros per hoc'.()u<I; tho 
observed speed of tho explosion 
wave from 9 oz. of gun-cotton 
was 1732 m./soc^., and from 

64 oz. of gun-cotton wm 2013 
m./soc. 

§ (17) Experimental Deter- 
mination ov Mpkki) op Hound 
IN Iron. — For this jiurpoBo Biot 
used 37(5 cjist-iron piix's with a 
total length (»x<!e(xling 050 metros. 
A boll at oiK^ cud was strueJe and 
its sound trav(41(id tlinnigh th<i 
iron walls of tho pipes iis well iis 
through the air inside them. At 
tho far end tho sound through 
tho iron was re<feivcd fimt and 
that through tlie air arriv(xl at a 
measurable time, t seconds, later. 
Honce, if tho total hmgih of th(^ 
pipes is L em., the speed of 
sound in cast-iron u <'m./Hoe., 
and that in the air inside tlio 
pijios 1 ) cm. /see., we have for 
tho times of travel through air 
and througli iron L/v and U/u. respccstivtdy. 
But their difference is L Thus 


whence 


Tho value thus found for cast-iron wa« about 
350,000 om./soo. or 3500 met ri*s/H(M\ 

§ (18) Reunault’s Deteumi nation with 
Rough Pipes. — This determination wiis 
result of an elaborates sest of expt*rimentM 
carried out with tho wat(*r- pipes lu'wly laid 
in Paris in 18()2“- (53. A pistol, exploHimiH, and 
musical instrurrumis w<‘r(H us(xi as sources <»f 
sound, tho method of measuring iiiiu' l«*ing 
electrical. Tho shot broki^ that part of an 
electrical circuit just in front of the pistol, 
thus causing a shift t>f the* mark traced t»u a 
smoked rotating drum. This shift registc^nKi 
the start of tho sound on its couiw^ along the 
air inside tho pi]> 0 H. I'lie souml on nwliing 
the far end of tlu^ piyie inove<i a very hue 
rnombrane. This made an (dtudric contact 
and so completed a <urcuit,, thus causing the 
reversed shift of tho mark on the drum. 
Side by side with this mark wc^re (I) a std. of 
dots indicating seconds given by a pimdulum, 
and (2) a wavy trace diui to a tuning-fork. 
Thus the tinu^ elapsing I>ctwt‘cn tlu' start and 
arrival of tho sound (corresponding to the 
length on tho mark hotweiui the first- an<l final 
shifts) was measured in seconds by tho clots 



Fig. 2. — Boys’s Photograph of Bullet in Plight. 
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and in thousandths of a socond by tho wavy 
trace. Rognault tried to allow for tho time 
lag of tho inomhranc, whicli was greater for 
fooblor sounds. Tho length of tho pipe 
divided by tho correct time gave a quotient 
whicli represented tho speed of the sound under 
the experimental conditums. Tho j>istol was 
inserted at tho beginning of the which was 
there closed by a disc, and tho far end was 
closed by tho membrane. Thus tho sound 
could pass to and fro several times, sufTeiing 
partial rolloetions at tho ends. Pipes of throe 
diameters were used and a number of lengths 
tested. 'J’ho variations of speed with length 
and diameter arc shown in the accompanying 
■graphs of Fig. ll 

From those curves it may h(>i seen (1 ) that the 
speed of sound tends to a lower limit when very 
fooblo owing to tho great distaiujo travemod, 



FlO. 8.— Tlegnault's Hi)or(lH in Pipes. 


and (3) that this limiting hihuhI is greater in 
widc'i piju's than in narrow ones. llegnauH 
<‘onsi<lercd that in the japo of 1-1 metre 
diameter its sides were pracd.ically without 
elTeet. He th(*refore gave Ib‘JO-0 m<‘tr<‘H ptM* 
second m th<^ speed of sound in air at (F(l. 
in an iniinitely wide pip(^ (or, by taking the 
sound in its f('(‘bl(‘st stabs m./see.). 

Tlu^ humidity <»f tiu' air in thes(' exp<'rimentH 
on pipes was olwerved and eorr<u'te<l for. 
Kink by a Hpe<’ial analysis <if H(‘gnault’s 
results d(Mluee(i th<‘ vahm ;b‘id*r) m./see, for 
th<^ Hpe(*d of Hoiiml through air in a pipe 1*1 
metre dianuMcw. 

In otlu'r (^xporinu'uts Hegiiatilt faile<i to 
(l(‘teet any dilhu’(Mic<^ in th(^ hp<^(mI of sound, 
although tli<^ pn'KHun^ was iner(‘as(*<I to more 
than live tinu^s its first value (viv,. from 247 to 
12<17 mm. of im^reiiry). 

Violle and Vauti<us in 190r>, by ('xperiments 
on pipes, foun<l that within lh<‘ range of 
fn^quenek's from about 23 to (MO vibrations 
per second tlu^ speed of sound in air tloes not 
ohang(‘ by oiKvtiuitb p('r eoiit, 

(19) BiiAiKi.Kv’H Dktkhwination wmi 
Smooth Pipio.s, --This aeeount of r<w*a!i‘hcH 
in the Kpe(‘d of sound through air in smootli 
brass luix's was published l>y I). •!. Blaikley 
in 18K2 H-1. He felt that in any open-air 
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experiments the results were usually vitiated 
by nncertaintiea as to moan temi)craturG 
and hygromotric state of the air over tlio 
range in use. Further, he noticed that in 
Regnault’s ex])erimonts with ])ipos the deeroaso 
of speed th(u*e found woulci, if extended to 
tho diameters used in brass instniments (in 
which Blaikley was specially intorosted), lead 
to smaller values than thoso actually ox- 
X)crienced. Tliis clisc-nqiancy is attributed to 
the roughness of Regnault’s ])ipes. Blaikley 
also feared that the membrane used by 
Regnault might lt*ad him to an underestima- 
tion of the spo(Ml, and this surmises was then 
su])poi’ted by spc‘cial expe^rimenta. Dulong, 
in 1820, had estimated the spec^cl of sound by 
experiments on organ-pipc^s specially chosen 
as giving a tone of goo<l musical (quality. To 
this Blaikley objected, because such a tone 
consists of the prime (or fundamental) ac- 
companied by a retinue of fainter overtones 
of froifuemues double, ir(d>le, quadruple, etc. 
that of the prime. Nowthesi’i overtones, when 
eliciteci m^purately., have frciiuencies slightly 
(iilTerent in value from tho exact double, 
treble, et(^ of the ])rinm frequency. Then, 
on Iikiwing the' pipes these naturally in- 
harmonious ovcirtoims arc^ forced into tho 
strict relation to the ])ritne expross(ul by tho 
ratio numlx^rs 2, 2, 4, etc. But this forcing 
into t une of tho overtones and their prime does 
not op<*raie solely by changing tho overtones, 
hut. also may digkily duHtnrh the, primfi ilftelf in 
arriving at the rcupiisito adjustment, Tho 
prime tone is in eonseqtience sliglitly dilToront 
in piit‘h froni that whkdi, without such 
coustraiut, .(‘orr<‘S])oiids to the true speed of 
sound and tlui wave-length under considera- 
tion. n<mce, from the length of the pipe 
and this const.raiiKxi i>iteh a vitiated speed of 
Houmi would be inferred. 

In view of the almve eritieisms Blaikley 
preferu'd to exiierimmit. with a spetual form 
of pipe which nwnnhlod tlu^ glass chimney of 
aji oil lamp inst ead of being parallel throughout 
as is an ordinary organ- pipes Tlnvt is to say, 
tliii pipe UH(xl has a bulb or pear-shaped 
portion in thi^ lirst epiarter waveLlengtli near 
the month. Ikyond the bulb there was a 
considerable hmgth of xuirallel cylindrical 
pipe in whitdj worked a sliding 
pip(% wh(*n blown, gavt^ the fundamental or 
prime ione alon(\ (lonse<|uently its filteh 
WHS not disturhed by Ixung blown into ttmo 
with any ovm’tones, m ihm\ were entirely 
absent. Thi^ blast was obtaim^d from a fan, 
the wind from whicli passed a regulating 
IxdloWH. 'rile IxdlowH pressun^ was 2*2 indues 
of water column, and that in tho month less 
than (hi inch of wat<w, much under the lowest 
which Regnault had found to alliw the speed, 
Btith the temp<^rature and humidity of the 
ivir wore observed. The pit(4i was taken from 

2 V 
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a Koenig fork of 256 vibrations per second 
and the pipes were set to give a beating 
rate of about four per second, the lengths 
being gauged by standard rods and a micro- 
meter. 

Experiments were made with smooth brass 
tubes of five sizes, the frequencies of the tones 
ranging from about 131 to 323 per second. 
The results are shown in Table IV. 

Blaikley’s values show that the diminution 
of speed is proportional to the reciprocal of 
the diameter of the pipe. They also favour 
the view that it is proportional to the reciprocal 
of the square root of the frequency of the tone 
sounded in the pipe. 

Blaikley applied to the above mean values 


obtained in Paris (a) in the open air and {b) as 
deduced from pipes. 

§ (20) Hebb’s Telepiionjs Method for 
Speed of Sound. — In 1904 T. C. Hobb made 
a very careful determmatit)n of the speed of 
sound in air by use of parabolic reflocitors and 
telephones. No pipes were used, as they were 
regarded as introducing complications. All 
long-distance methods wore objected to on 
the following grounds : 

(a) Very loud sounds must bo used, so 
possibly involving a different speed near the 
source. 

(b) It is almost impossible to correct accu- 
rately for wind, temperature, and humidity 
over long ranges. 


Table IV 

Blaikley’s Speeds op Sound por Dry Air at 0“ C. in Brass Tubes 


Diameters of Tubes. 

11-43 mm. 

19-05 mm. 

31-71 mm. 

62-91 mm. 

88*19 mm. 

-eds of sonzid from 
arate experimeaits 
metres per second. 

324-533 

327-09 

328-72 

329-()() 

330-20 

324-234 

327-14 

328-74 

320-84 

330-46 


326-98 

328-78 

320-84 

330-02 


326-70 

328-72 

320-70 

320-72 


■ 327-09 

328-72 

320-95 

320-00 


326-69 

328-89 

329-80 

330-41 


326-99 

328-76 

329-53 

330-00 


326-79 

328-84 

329-56 

330-06 



326-70 

328-84 

320-65 

330-10 


326-85 

328-83 

320-48 

330-20 

Mean speeds for each 

m./sec. 

m./s 60 . 

m./sco. 

m./sec. 

m./sco. 

diameter . . . 

324-383 

326-90 

328-78 

320-72 

330-134 

(Probable errors of 
mean speeds, added 

1 ■ 

m./seo. 

± 0-037 

m./soc. 

± 0-013 

m./sco. 

± 0-035 

m./H(w. 
j. 0-040 

by writer in 1921) . 

J 



(The probable errors were not given by Blaikley himself, bat have beem luUU^d for the pr(‘H('iit work to 
show how accurate this investigation is and how closely it may be trusted. If tlui probable ()rror bo botli 
added to and taken from the mean value to which it upplies, limits will bo obtainc'd botweou whicli the true 
value is as likely to lie as to be outside of them.) 


of the speed for each sized pipe a modification I 
of Helmholtz’s formula in order to calculate 
the speed of sound in free air. He thus | 
deduced the mean value 

i;o=331'676 metres per second 

as his final determination for the speed of 
sounds of feeble intensity in dry open air 
at 0° 0. (To this we might now add a probable 
error.of + 0-04 m./sec.) 

The corresponding value for the ratio of 
specific heats for dry air was A = 1-4036. 

For purposes of application to brass instru- 
ments this investigation must be regarded as 
the standard of appeal, since it was obtained 
by direct use of such tubes. Further, the 
speed deduced for the open air, -though 
obtained indirectly, must be regarded as of 
extremely high value. It is seen to lie 
between the two values already quoted, as 


(c) The lag (or personal equation), either of a 
human operator or of some recording do vice, 
is involved. 

In accordance with those principles a novel 
method was adopted by which it was h( > 1 ) 0(1 
all the above drawbacks could be obviated. 
The experiments were carried out in a room 
120 feet long, with a whistle as the source of 
sound and blown so steadily as to maintain 
its frequency to an accuracy of 1 in 5000. 
This source was placed at the focus of a 
parabolic mirror made of plaster of Paris, 
From the mirror proceeded a parallel beam 
of sound waves along the room to a second 
similar mirror which converged thorn to its 
focus. At the source of sound was a tolophono 
transmitter connected to a battery, and to 
one of two primaries of a sj)ocial induction 
coil. At the focus of the second mirror was 
I another similsr telephone transmitter, also 
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oonnoctod to a battery and to the ntfuir primary 
of the induction (^oil. The aerondary of thia 
induction coil W-ih connected to a tele])honc 
rocoivop. Suppoao the whistle to be sounding 
and the mirrors to bo such a diatanco apart 
that the sound licard from the telephone 
receiver is a maximum. Then the clfects 
of the two pidinarioH of the in<luction coil 
must 1)0 in such redation as to make their 
combination most powerful, /.o. their vibra- 
tions are in the same ])hase and so are mutually 
helpful. J^ow let the tlistanco hetwoon the 


The length. L is called the iravt-lcngih in air 
of the sound used. And it may l>e Been that 
it is on changing the distance bc^twoen the 
mirrors by half tM wave-length that we change 
the effects of the two })rimarios from the 
conii)leto additive to the comj)leto subtracLivo 
relation, and so change the result hoard from 
inaximuin to Tninimuni. Hence, by locating 
a number of siiccesHivo maxima and minima 
the wave - length L was found. In this 
dokwminaiion an accuracy of about one in a 
thousand was reached. 


Taulm V 

8 i*hkds of Roux I) in Vahious Minn fa 


M<f(liuTU. 

(‘oinlltion. 

Speed. 

l)et(!miine<l by. 



M<‘tres p<T WH'oiul. 


iiir .... 

Sl-ill and dry at 0° ( !. 

;J27 

I’aris Acathmiy hi 1788 



I’liris Academy and Ijc Koux 

„ .... 

»» 

:wi*2 

Bureau (les Longitude^ 1822 

„ over 1280 motri'M . 

>> $9 

8111 •87 i 

Rcgria.nl 1, 1804, t.e. intense 

„ 24tr) nK‘tr(‘s . 

>V »f 

8:U)*7 1 

Houuds slightly faster 

Air in rough pipes 1*1 m<‘iro 




(Uaiu<(t<'r .... 

99 99 


lU'guault, iH<l2- 53 

Air in sniootlx pipits H8 luin. 

diiumtcr .... 
Open air (iuf(‘rrod) 

*9 99 

99 99 

tmu) 1 

8nM‘)7tl f 

.BlaikUy, 1883-84 

Open air (irih Trod) 

99 99 

831 1 

Viollo and Vauticr, 1888 

Air in lulxiratory , 

99 99 

831 1 ()'()4 

IIcI>I), 1004 

Dry uir free from dOg 

99 99 

83M)2 M)*()n 

Thiesen, 1908 

1 )ry air 

99 

83()*i;3 

KHolaiigon, 1018 

Ijiyiiidu, 




Kresh water ( Uik<' ( huawa) 
Hea water ((‘xplt wiens from 1) 


1435 

(blladon and Hturm, 182(1 

()'/,. guu*oottou). 

Sea water ((‘xplosious from 

I' 18“ a 

\ 

1732 1 

Tlmdfall and Adair, 1880 

ti4 0/.. gun-cotloti) . 

[ IH'M’. 

20I» j 


S(‘a water .... 

M-r/'O. 

]5(«'S 

Marti, 1919 

tSoluh. 




bniHH in bulk 

, , 

4270 (say) 

(Ai)proxinuik') 

Iron (wall of <fast jiipe-s) 

, . 

3500 

Biot 

Iron (in bulk) 

•• 

•1800 (say) 

(Apppftxiimit e) 


mirrors 1 m^ cbitrig(<d lill sound from the 
fel<^[)hone rotreiver is a minimum. Then the 
I)riinan<\s must Ixijust oppoHitc in tludr efTuets 
now. H the Mc^paratu efhM'ts, wfiicdi couhl 
fhuH ho made ad<li1ivc» or Hubtraoiivo for 
difT<u*(*nt diHtantM‘B, were j)i'n(di<'ally (Mjual, 
t-h<m the minima cfhnffs wouhl be reduced 
almost to z(M’o, iiud the corres|)onding poHitious 
cotdd be a<K*urateIy observed. Ltd. tho fu'- 
({ueney of the whistle be N p(M* second atul 
its period, or time of one comi)lele vibration, 
i)o 1' Hocond. Then, if the speevl of sound in 
air is v and the distancu^ in air i)aHHod over hy 
Hound in one i)(sriod is h cm., wo may write 

1 ... 


Tho deteriniimtiori of the pitch of the whiHilo 
was made i)y tuning it in unison with a fork 
which was itself c^omparod with a ^12 fork 
hy wavy tra<H^H on a smoked (liwc. The 512 
fork was (compared in the same way with a 
porululuin, and then the pendulum witli a 
(dock. 

Thus knowdng \j ami N, their product gave 
V the speed of sound sought. TJie linal 
<l(ilermi nation for tlio speed of souml in dry 
air at 0*' ( !. was 

metros per second, 

with a probable <wror of I 0-04 m./woe. 

§ (21) Mi*kki>h of Souni) in Vauiouh 
MuniA, The foregf>iug, together with other 
deternunationu of the speeds of soumi in 
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various media, are collected in the accompany- 
ing Table, V. for ready reference. 

§ (22)' Aeohiteotura-l AaousTics. (i.) 
Sabine's Work . — It is well known that sonic 
churches, halls, theatres, or other buiUUngs 
are acoustically unsatisfactory. They ])r()vc 
trying to the speakers or musical performers, 
to the audience, or to both. Others are good 
for speech but bad for music, or vice mrsaf 
while yet others may be acceptable for both 
speech and music. The principles and prob- 
lems underlying the successful design or 
remedial treatment of any auditorium to 
be used for a specific purpose for long 
failed to receive the attention which, from 
the importance of the subject, they de- 
served ; but considerable progress in this 
direction has been made during the present 
century. 

The sounds uttered by a speaker or musical 
instrument reach the auditor somewhat en- 
feebled by the distance passed over, but have, 
on the other hand, various echoes, reverbera- 
tions or distortions added to them by the floor, 
walls, ceiling, furniture, and occupants of the 
room. Thus two questions accordingly present 
themselves for quantitative treatment : (a) 
What, if any, enfeeblement or additions are 
desirable in the case of speech, song, and 
instrumental music ? (6) How may those 
desired effects be realised with approximately 
quantitative accuracy ? The subject has 
been investigated along both those linos by 
the late W. C. Sabine, who states : ^ “In order 
that hearing may be good in any auditorium 
it is necessary that the sound should be 
sufficiently loud ; that the simultaneous com- 
ponents of a complex sound should maintain 
their relative intensities^ and that the successive 
sounds in rapidly moving articulation, either 
of speech or of music, should be clear and 
distinct, free from each other and from 
extraneous ‘ noises.” These throe are the 
necessary and sufficient conditions for gocxl 
hearing. Scientifically, the problem involves 
the absence (u) of prejudicial enfeeblement, 
(6) of distortion of quality of sounds, and 
(c) of too prolonged reverberation. From the 
constructive point of view the problem 
involves the size and shape of the auditoriuni 
and the nature of the materials (including 
the audience itself) whose surfaces are exposed 
to the sounds. 

(Ibid.) “ Sound, being energy, once pro- 
duced in a confined space, will continue until 
it is either transmitted by the boundary 
walls or is transformed into some other kind 
of energy, generally heat. This process of 
decay is called absorption. Thus, in the 
lecture-room of Harvard University, in which 
this investigation was begun, the rate of ab- 
sorption was so small that a word spoken in 
^ Sci, Abs. A, 1916, p. 194. 


an ordinary tone of wjin uudildo for 

5*6 HOcMnidH ufbn’wardH. During; ihU 
even a vciry d(‘lilM''nitt'' {^fxvikor luiv’o 

uttorcxl twelve or lifteen syllables. 

Thus the Hueet^HHive enuneiidioUH I»h*ii<h'd info 
a loud Hound, through whieh and 
which it wan neeertHary to hear tunl {listiiigtuxh 
the orderly progreHHioii of flu* .XonwH 

tho room' thin could not lu* (huio, nor t‘veii 
near the np(»Jik<*r, ext*t*pt ivith an etTort* 
weariaome in tlui cjitremt* if long innin-* 
tainod. With an aiidh*ne<* tilling the room 
the conditioim w<*re not ho l»ml lait utill 
intoJorahle.” 

“ TMh may he n'garflecl as n pr<>e**HS of 
miiHiple rellectiori from walls, (*eiling, mul 
floor, hming a lifth* at (*iich r(*fl«M*tiou utitil 
ultimately innudihlc. 'Ihis phenomenon will 
ho ealhxl revewlnwation. including as a HiM*rial 
case the et‘lio. In general* roverlK*ralion 
uwiltH in a mulsh of sotind tilling the* wlufle 
room and ineai>ahUufl analyHiH into its flint inr't 
reflofstioiiH. It is thus dilliculi tfi rococniHf^ 
and loeatK'. In tlie gfMUwal cas»» of rev'ci'lswa* 
tiou we are (Mmt‘enieil only with the rntt* of 
decay of tlie Hound. flluH rati* dcf*ay wns 
gauged by lueaKuring what in invemdy pro 
portional to it the dtinditm r>f atidihility of 
tho roverhtTafjon or Hotnifl. 

“ Broadly conHidf'rfsl, then' an* two, nml 
only two, variables in a mom Hhapi^ (iindtnb 
itig Hi/.e)* and materials (im‘ludiiut fnrni filings). 
In doHigning an anditoritim an airchitcct f*an 
give eonsidfnvtion to both ; in repair work 
for had acoustic eotiditionn it is generally 
imprae.tieahb^ to ehangf* tin* HbajH*, and t»nly 
variations in mat (‘rials ami fiirniHliings arc 
allowables.” 

To t(SHt th(‘ effects of absorption Snhin(‘ 
toHted a lecture-room at llarvarrl etnptv, 
without and with ennhioiiH. an organ- 

pipe aH HotmKH <ff Hftund and a chron»»infd<T for 
timing tlm duratifui of aiidildiity aftf*r the 
sound had eeawul, lu' found .i time of "vtV* 
HocomlH in the abHi'net* of eutiluoiiH. With 
8*2 meflroH of cuHhions this tinir*' fell t«» •'» 
secomlH, and with 17 of tMisIiiMiet it 

fell to 4-94 Hoeonds. \Mlh all the seat < { i;Ud 
covered with (nishioiis the time of aiifltliilily 
was only 2*(IB HtH'iuids. By covering tie* 
aisk^fl and platform and placing id her <*(mhionti 
on a stuvlToId till the* whole nniulK<r availabb* 
(1500) W(we in use, tlu^ duration of ntidthtlify 
foil to 1*14 seconds. 

Rahino found that the above duratifui of 
audibility of tiie sound in a room ufi/t 
directly proportional to the total vtdnmc 
of the room, and inv»*rH»‘ly ax tho l»»(.d 
abH(>rbing po\v(*r of neon (‘inpty plus that of 
audience. Orwiwnay write 
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wliero t is the time, c is a constant (depomUiig 
on the units in use), and may bo taken as about 
0 -lG when the metre is the unit of length, 
or O-Oi) when the foot is the unit of length, 
V the volume of the room, R its absorbing 
power when empty, A the absorbing power of 
the audience. 

(ii.) Halls in Paris. — Maragc tested the 
acoustic properties of six halls in Paris ^ and 
quoted Sabine’s formula as api)licable. “ In 
the largest of these lialls, the Trocadcro, 
holding 4500, the mean time of resonance w^as 
2 sec. wlion om])ty and 1*4 sec. when full. 
To make himself distinctly hoard in this 
hall a speaker must \mo a slow utterance, 
pausing at each phrase. Rut it was not 
necessary to use more energy than in addr<^ss- 
ing 250 in the Physical 'fhoatre of the vSorbonno. 
In the large theatre of the Sorbonne, hohling 
3000, the resonance extended almost to 3 sec. 
empty, but was only 1 sec., or less wheii full. 
The acoustic propeilies of this liall were con- 
sidered very good.” 

Manig(^ agreed with Sabine that this time of 
rosonaiKie serves to charact(Tis(^ the acoustics 
proiKU'tic'is of a hall. He found tliat this 
duration of the sound varices with the (|uality, 
pitch, and intcuisity of the jsrimary souncl ; 
liencse a hall g(»od for a sianiker may be bacl 
for an oreshesstra. Kor a hall to be good 
acoustusally Marage (‘onsidc^red that the dura- 
tion of the nssonaiU'C' should Ixi pracsticsally 
constant at all paifis of the hall, all vowels, 
and fall between half a stxsond and a secsond. 
If the duration of th<‘ rcssonamsc^ tnmsh excsecxls a 
second, the sp(*ak(T can makc^ hirttsedf undcu*- 
stood only by spe^aking very slowly, artkm- 
laiing distinetly, and avoiding giving to the 
voicse too much encu’gy. 

(iii.) Juvgrr's Treatment. - (n. Jaeger carried 
the imitment of the' subjc'et a sUq> further 
by studying ihe^ gnnvth, maximum, and deesay 
of the iul(»nsity of sound in a room.“ lie 
shovvc'd that M, tins intensity of sound pew 
unit volume in a room, whiles thc' simrcse was 
sustained constani., grew acrcording to the low 
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wluw(^ I* is th(* power cd the' sourcus v the 
specsl of sound in the air of the' room, a 
the mean absorption coeHi(u(‘nt (ratio <)f 
almorlxsl intensity of sound to that falling 
upon it) of the surfae.es in thc^ room (wulls, 
floor, ccnling, audicaux*, ete.), S the total urc^a 
of th(‘S(H suidacK'S, a 2*7183, k nr/S/(4 v<»lumt‘s 
of room), and t is the time^ from cunnmemew- 
mont of sound at sources. 

Tims tlu^ maximum value of 10 would be 


4P/mH. The decay of the sound wlieii the 
source became* silent would be given by 


whore t is now the time from cessation of 
sound at sourcje. 

The value of the product aS, occurring in 
these formulae, is the sum of a number of like 
products, say -f cigSa h whore 
rt.,, etc., are the absorption cocflicients for sur- 
faces of areas S^, So, S 3 , etc., resj)eotively. 

The formulae show that the greater the 
j)roduc.t rtS, the smaller is the maximum 
energy that can be attained in the room by 
a source of lixcxl pow'or but that the rise 
to tliis maximum is quicker and the dexjay 
more sudden also ; though thc^so times of 
rise and fall depend upon the volume of the 
room as wcdl. 

(iv.) irfftsrm’tV Tnvestiqations. — Fn 1013 K. K. 
Watson ])ubliHhod an acjcount of a case in 
whicdi the ventilating arraiigomonts wore hc>ld 
to assist the acoustics of the room undew 
notices, namely, the Jbiltimoro Academy of 
Musm.'** In tins hall “ the whole supjdy of 
frwh air was admitted at the back of the 
stages was there warmed, thou crossed the 
stages horizontally a.bove the speakers, actor's, 
or musicians, passed through the proscenium, 
and then, somewhat diagonally toward the 
ro<»f, acwosH the auditorium in one grand 
volume and with gentle motion so as almost 
(^ntir(4y to provemt the formation of minor 
air-currc'uts. It was exhausted partially by 
an outlet in the roof and partly by numerous 
rc'gisters in thc^ tseilings of the galleries. '!rhe 
actousiicw of this auditorium were considercHcl 
c^xecJlcMit. 3’h(^ wcMikcist voice was audible to 
evewy scat in the house ; sounds such as a 
sigh, a IdsH, or cmui the simulated brcuithing 
of the somnambulist, might be luuird in the 
most distant parts ; and all musical elTcctiS 
wtwe exar^tly apprec.iatcHl. All singers and 
speak(*rs agn^od in describing the facility with 
which th<^ voi(x> w'as \ih(xI on this stage.” It 
was statcxl that haphazard currents of air or 
thos(s inUwvening between the speaker and 
the au<lienc(^ arc detrimental, aiul should bo 
avoir Uxl. 

Latew, F. R. Watson d(iBcrib(‘d his acoustic 
tr(Mitn\ent of the faulty auditorium at 
Illinois.'* 

This room was dome-shaped and bad many 
subordinate curved surfaces, whirdi foc.ussod 
the sounds in an objec.tionahlo manner. Ft 
seaterl 2200 and originally sliowral a rover- 
IxTHtion of 11 sra-onds. After some treatnumt 


' (Utmvivs ttnuluH, April II, IIKKJ, c.Mil. H78-H80; 
ami Srii'nee AhHtruHs^ .\, HIOO, ItllJ, 

■ Akutl. WisH. \V(vu. Her., lilll, cxx. 2a, (UIJ-OJM ; 
Science AOstmets, A, 11112, 17, 


» Sntf. Hervrd, 1012, IxvU. 205-208; Science Ah- 
struets, A, 1012, xvl. 320. 

* IJniv. of /(linois Hull,, HIM, xl. Mo. 72, 2-20; 
Seicnee AlMractHt A, 1014, xvll, 540. 
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the mean time of reverberation determined 
from 400 observations was 5*9 seconds, whereas, 
csalenlated by Sabine’s formula (volume of 
room 11,800 cubic metres), this time came out 
as 6’4 seconds. Thick carpets were placed 
on the stage, a large canvas painting (400 
square feet) was introduced, and the glass 
removed from the skylight in the ceiling. 
This reduced the time of reverberation of the 
hall when empty to 4-8 seconds. When quite 
full the hall showed a still shorter reverbera- 
tion which was not troublesome. Pronounced 
echoes, however, still gave trouble. These 
were prevented by draperies hung in the dome. 
A 80 und-“ board ” was constructed of plaster 
in a paraboloidal form and acted well for a 
single speaker, hut was objected to by some 
on account of its appearance. Purther, it 
was useless for a chorus or band, and was 
accordingly discarded. The auditorium was 
finally corrected by installing a calculated 
amount of hair felt on walls that produced 
echoes. A decorative cloth was applied over 
the felt to give a pleasing appearance. 

Watson afterwards treated the armoury at 
Illinois.^ This room presented an unusual 
case of defective acoustics because of its huge 
volume and small absorbing power. It was 
built to fulfil the usual requirements of an 
armoury in regard to military drills j but, in 
addition, it had been used occasionally for 
other large assemblies. The acoustics proved 
impossible for speaking and music. The room 
is 400 feet by 212 feet by 93 feet high at the 
centre of the roof, which is almost semicircxilar 
(and thus forms a reminder of the roof of 
St. Pancras Station, London). Calculated by 
Sabine’s formula the time of reverberation, 
when empty, was 24 seconds. It was now 
seen why attempts with a special megaphone, 
parabolic reflectors, and loud-speaking tele- 
phones had all failed 

The final 'and successful treatment lay in 
the introduction of canvas curtains to enclose 
a space 212 feet by 134 feet by 34 feet high. 
The time of reverberation in this enclosure 
for an audience of 4600 was then estimated 
to be 1*1 second. The arrangement was 
carried out and auditors in all parts of this 
space could hear and understand the various 
speakers. 

(v.) General — Large, hare, xmhroken wall 
spaces of stone, brick, or plaster may produce 
objectionable echoes and are to be avoided 
whenever possible in a room intended for 
speaking or rapid music. Roughnesses or 
recesses in the walls only count when their 
size is comparable to the wave-length of the 
sounds in use- For the quiet speech of a 
lecturer with a bass voice in a room to hold,' 
say, lOO, the wave-length is of the order eight 

six ’ Science Abstracts, A, 1916, 


feet. Consequently, in suoli a case, window 
recesses two feet wide and nix inchoB deep 
could scarcely bo counted as roughnoSHcB, but 
alcoves four foot wide and two feet cleoji 
might be so reckoned. The same remarkH 
apply to the recessing of the ceilings by heauiB, 
coves, mouldings, etc. 

If by reason of bare hard wallw distiiK't 
echoes occur, their objoctii)nablo proHonce may 
be sometimes reduced by the uso of a sound - 
board over the speaker. Thus if, by the 
ing of the direct and rollcctcd sounds at boiuo 
one small region in the room, the hearing iw 
there very defective, a concam sound -hoard 
may focus part of the sound directly ti») that 
“ dead ” place and so improve rnattei's. Jix 
other cases it may bo advisable^ to use a pla ne- 
or convex sound-board to prewont the cdiiof 
sound proceeding direct to that surface whiclx 
produces the ohjoctitmahlc coho, or to out 
the sound oil entirely from tho upper part 
of the space. Obviously the soiiiicl- hoard i« 
not easily applioalde to the oanc^ of iiuisicianK, 
so we consider it for the cant^ of a Hinpjki 
speaker only and when locsated at a dolinit<» 
place. Then, since the wave-length may bo 
large, say 8 feet, tho sound- hoard niuHt ho 
correspondingly largo or tlie waves of sound 
will bend round it and tho board will he uHcdeHH- 
Again, if tho sound-board is nupured (as uwunl) 
to reflect as much as j) 0 HHible, it is heitter 
made of plaster on a frnnuiworlc of wotxl and 
finished to the exact curvature needed f<,ir 
the purpose in view. 

A careful examination, of all tho circum- 
stances of tho case is uMjuinxl Indons 
deciding what, if any, sound-hoard is de- 
sirable and might bo expee-ted to prove of 
service. 

There are very few, if any, enK<‘H in whi<ih 
wires strung along or lU^rosH a building can. bi» 
expected to Tbo of tho slighU^st n»o. 

It is to bo noticed that a room (MuiBidortxl 
to be right for speech may Ix^ just a UttU^ 
too dead for music. Ru(^h a room may ho 
improved therefore by the romovnl, on niunituil 
occasions, of some oarjx'ts, (untniiiH, or oth<^r 
deadening trappings which arc? lU'ccUxl for 
lectures. 

(vi.) Absorption OocJJlcients, — In the aeexun- 
panying table are given the vahms of tho» 
coefficients of absorption for a nuuibt'r of 
different materials as detennineid hy W. <^. 
Sabine, H. 0. Taylor, and otluM’s. will 

be found useful to insert in Sabiiu'’rt forinuhu 
either when designing any nuditoriuin, or 
when the endeavour ts to rtunovc^ the de- 
fective acoustics of some room aluNuly iu 
use. 

The absorption cooffioiont, a, is defined 
the quotient, intensity of sound absorhod hy 
a given surface divided by tho intern ity of 
saand falling upon it. 
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Table VI 


Absouptions ok Sound 


SuhHtiiuce. 

Couititilout 

of 

, ‘ . 

AhHor[)llou <(. 

Open window 

loot) 

Audience 

O-Oti to 0-41 

Hair felt (1 inch thick) .... 

0-7H to (l-,5e 

('oniprcHHcd cork (4 inch thick) . 

o:i2 

OrhMiial rngH, extra heavy 

0-20 

Oil jiaintingH ami frame. 

0*28 

AsbcHtoH roll lire fell (3-inehthmk) 

0-2U 

Heavy rugs 

0-25 

liruMHclH ear])(‘l 

o-2:i 

Carjicsl rugs 

0-20 

( 'retonno cloth 

0-15 

Linoleum, loose on floor . . . 

0-12 

Pine boards 

0-0(5 

Plaster on latlis 

0d)34 

Single glass 

0-027 

Bri(^kH or iilaster 

0-02.') ■ 

Cheese cloth 

O-OlU 


ll('foriMiCD Hhould also bo uiado to tho Houud- 
})rootui}j; of buildiiiigH.* 

Tho bullotiiii on “Sound-proof Partitions” 
j^ivoH a Hurvoy of tho wholo Htihjoct with a 
bibliography of publishod artioh^H. 

§ (2;}) LoNu-HAtJOK Tkanhit OK Sound. — 
Whon wav(‘s of Hound aro Hpnyading from a 
jxjworful Hourco in tlu^ open air a numbor (d 
cauHOH oporato to dinunwh thoir intouHity 
and may provont thoir over roac^hing tim 
dcHtination for whioli tluy worc^ inUmdod. 
A numbcM’ of thow^ oaHoH will bo noti<so<l boro. 
Much of our knowhxlgo of mudi phonomona 
iH dut^ to 'ryndall an<l t«» tho late Lord Ray- 
hagh.'-* 

(i.) HadinlUm,' If Hound inHUc^H from a Hinall 
Hourot^, comparable to a ijoint, and Hproa<lH 
0({ually in all diroctionH in a Htill homogonooUH 
atmoHphons then itH intouHity falls (df in- 
v(U’Holy an tbc wpian^ of the diHtatuu^ from tho 
8our(H‘. 'rinm at <loul>h' tho dintanw^ tho 
intouHity is nMluotnl to a ijuartor, at tr(d)lo 
tho dwtunoo to (mo-ninth, and ho (m. 

(ii.) To.mpmttifre. (hitdivnt. - Kelvin Iuik 
H hown that, whon undinturlaal l>y windn and 
HunHhim*, tlu^ air tondH to a Htat^' which ho 
calhxl ronrtrtiro fqnitihnum. In thin Htat(*, if 
air bo Huddonly taken from one l(*vol to 
anotluT, tlu' ('.xpanmon or ooniproHHion oon- 
HO(juont <m tho oliangc* of pre^HHuro, Imt withmtt 
mill quin nr Itm o/ hntt, would junt bring it 
to th(^ t(unp(^raturo aln^ady j)ohhohh<mI by tliat 
n^gion. There in tlniH a low(^r temp<'raturo 
at groaUT ludghtH Hiiioo th(‘r(^ tlu' pn*HHur(' 
muHt bo l(‘HH, and tlic^ air in awMuiding to it 
would HulTor ox]>anHion and eonHtHpiont 

* S<M' “ InHUlntlou of Soimd,” W. (*. Saldni*, HrH- 
bniMrr, 1015, xslv. :i]. “ Sotual-pnMtf PartitloiiK," 

K. U. WutHoa, of iflimin ItuUrtin^ No. 127, 

' Si‘t* 'ryndairH SoiuitU hondon, IHOD. 


cooling. Lt can bo Hhown that in Hindi a 
Htate, tho temperaturo of tho air falls Hteadily 
in proportion to the height aacondixl. 

VVhoro this state of things prevails it has 
boon shown by the late Ijord Rayleigh, that 
the path of a ray of sound through tho air 
is a catenary with vortex downwards and that 
if the ray wore rovorsed tho Hanio oatemary 
would bo dosciibed. (A catenary is tho shape 
aHsumod by a uniform and iloxiblo cdiain or 
ropo fixed at two i)oints and hanging slack 
at rest under gravity, tho vortex being the 
lowest point.) 

(iii.) Wind (hadiant . — If tlie wind is (^vory- 
whero horizontal, and in tho saino dircotion, 
but incroasoB uniformly from tho ground 
upwards, tho ray of sound may doscribo a 
catenary or something closcdy like it. liut in 
thxH case tho path is not reversible. Thus, 
if tho direction of the sound is against tho 
wind tho catenary htm its vertex downwards, 
Jiut if tho sound jiasseH with the wind tho 
catenary dosorihod has its vortex upwards. 
Ilenei^, if oannous are lirod at two stations, 
A and B, it may haj>pen that those fired at A 
will ho [ihvinly hoartl at B, whereas those firod 
at B may be inaudihh^ at A. 

(iv.) Hey alar Itejlcrtion . — Any large solid 
surfaces, sueh as a hillsido or a elilT, may 
produce n^gular rollocUon as in tho case of 
the ordinary eoho, Such redootion may also 
oeeair at invisible surfaces in tho atraosphoro, 
where its density suddenly changes owing 
to a change in temperature, or to a change in 
iuimidity, or to changes in both. These may 
ho called aerial cohoes. Tyndall eonsidorwl 
they are probably ooncomed in tho rolling of 
til under. 

(v.) HcaUeriny , — Sometimes tho atmosphere, 
although optically transparent, is jiartially 
ojiatiue to sound. It has been found that this 
is due to f.he presoneo of patches or layers of 
alternalely dilTerent densiUes owing to sudden 
ehangciH in temperature, in humidity, or in 
both. In this state of things, no regular 
relleetion oeeurs sueh as produces an echo. 
But, on ilm other liand, the sound is seaitcrxul 
from eaidi sueh irn^gular surfaeo, and so the 
intimsity of the direct souml is, in eonsequenoe; 
distinetiy diminisliecl. This phenomenon is 
analogous to the reddening or partial obscura- 
tion of the sun when setting in a smoky atmo- 
sphere and to tho scattering of light from tho 
interior of a turbid liquid or of an opal glass. 
Kor in these latter cas(*s the optical rnwlia 
cited, whih^ failing to giv(' a refl(a'tion in tho 
regular manni^r nee(hi<l to form a mirror image, 
yet stop and Hcatt(T so much of it that the 
cpiantity passing directly onwards is appreci- 
ably rediKKKl. 

This state of semi-opueity in ilie a(‘ouHtic 
sense was earc^fully investigat-ed by ^ryndall, 
and illustraU'd liy the following liHiiure 
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experiment. A mim'ber of alternate layers of 
carbon dioxide and coal gas were interposed 
between a bell and a sensitive flame. The 
flame then remained unaffected by the bell, 
though the region -which was acoustically 
opaque was optically transparent. When the 
two gases -were turned off and air had diffused 
into the space, the flame responded readily to 
the bell. 

Suppose the atmosphere has many of these 
patches which scatter .the sound, so that its 
acoustic action may he compared to the 
optical effects of a turbid liquid. Then, on 
this account alone, the law of diminution of 
the sound proceeding directly ahead would be 
as follows. On advancing equal distances the 
intensity of the sound would lose equal per- 
centages of the values it had on beginning 
each such distance. In other words, the 
intensity of the direct sound would diminish 
in geometrical progression as the distance 
increased in arithmetical progression. This 
same law has been found recently to hold for 
sounds under water in which many small 
obstructive patches occur. (For the recent 
development of submarine signaUing see the 
article on “ Sound Ranging.”) 

(vi.) Diffraction.-—’Ihe spreading of so-und 
behind obstacles, which is one form of diffrac- 
tion, must also slightly weaken the main or 
direct beam of sound, beyond that due to 
other causes. 

(vii.) Fog^ etc. — We may now notice other 
states of the atmosphere which have been 
supposed prejudicial to the free passage of 
sound, hut which Tyndall by an elaborate 
series of experimen-bs ioimd are not so. These 
include the presence of rain, hail, snow, and 
fog, which, he asserted, have “no sensible 
power to obstruct sound” Kelvin has sho-wn 
that the temperature gradient, which forms the 
Hmiting condition of equilibrium of the air in 
a warm fog, is about half that in the limiting 
condition for fog-free air. This state is, of 
course, one in which the temperature falls as 
we ascend. Thus on theoretical grounds it 
should be expected that sound would pass with 
less loss in a fog than when the air is clear. 
This inference is fully home out by Tyndall’s 
prolonged researches off Dover. 

It must be pointed out that the above 
statements, though correct, may be easily mis- 
understood and a false impression received as 
to what is really meant. Sound will usually 
travel better in a fog than in clear air, provided 
that the path, in question, is wholly in the same 
continuous hank of fog. That is to say, the 
sound must originate in a/nd he heard in the 
same continuous hank of fog. If a sound 
originates in clear air and is to be listened for in 
clear air on the far side of an intervening bank 
of fog, then there might be large reflections at 
the first and second faces of the fog, and the 


sound miglit bo much weakened or inaudible a1 
the place where it was intondocl that it should 
be heard. Again, if the sound originates in one 
bank of fog and the listener is in a second hank 
of fog with clear air intervening, the sound 
might again bo very faint or inaudible at the 
listener’s position owing to tlio two reflect- 
ing surfaces interposed. Thus, though it is 
rightly asserted that sound travels well while 
erdirely in one continuous portion of fog^ the 
presence of a mimher of banks of Joy with 
intervening clear spaces^ all between the source 
and its desired destination, may prove very 
detrimental to the long-range transit of soxincl. 

(viii.) Zones of Silence. — Many notices luivo 
appeared of late years calling attention to 
exceptional cases of sound p)ro])agati()n in 
which some explosion is hoard in the vicinity, 
following which is a zone or annular s]>aeo of 
silence^ this being succscedod by ii still more 
dis-tant region in which the sound is again 
audible. Various thoorios have boon put 
forward to account for this, such as (a) wind 
gradient, (b) temporaturo gradient, (c) more 
complex motoorologieal states of the atmo- 
sphere. The first alono may suflico to bring 
sound down again by total rollcetion at a height 
where a certain critical state obtains. The 
difficulty in settling what has been the cause of 
such phenomena on any particxilar occasion 
usually lies in the absence of (lualUiod observers 
expecting an explosion and listening for it. 
Thus evidence collected aftorwar<l« may bo 
biassed or in other ways untrustworthy. 

III. Sound Tnonircuins 

§ (24) Gunejial StnivKv.— We shall treat 
hero the various producerH of sound whether 
devised for music, signals, or other purposes, 
the first class, however, greatly i)r(q)oudt^rata'ng. 

It is often oonvenicmfc to tliink of a muHical 
instrument with its aoxfossonos (and ctortain 
parts of the porformor himwdf) as divisible into 
three main portions. Tlies(» are : (a) tlie 
exciter, or means of })rodu(iing vibrntiouH ; (/>) 
tke vibrating system ; and (r) the niani])ula- 
ii-ve mechanism for the ]>roduc.tion of the scale, 
for expression, etc. Somoiiniort the vibrating 
system may be subdivided into a vibrator of 
definite pitch and a resonator whi((h nunforex^s 
and otherwise modifies the sounds originated 
by the vibrator. In other cases ilK^ro is a 
vibrator, not possessing a definite pitch of its 
owm, but only favouring (tcrtaiii pitpclK‘.s, some 
one of which is made actual and (Udinite by 
the resonator (in addition to its furudion of 
modifying the quality of the toxu'). Tlu^ sub- 
division gives, in all, four portions of tbe instru- 
ment. Take as an example the case of the 
violin. In this tho how in the playx^r’s right 
hand is the exciter, tho strings are tho vibrators 
of definite pitch, the sound box and contained 
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air form the resonator, while tho iing(M*-l)oard 
and the lingers of the player’s left liand fur- 
nish the meohanisni for the seale. The seeoud 
form of subdivision is illustrated by tho flute. 
Similar analyses may be suppli(‘d by the reader 
for the other instruments, s])ecial intricacies 
being referred to as wo ])r()eetKL 

Having tlius brietly glanced at how tho 
sounds may bo produced, we now pass on to 
notice what are the e.haraeteriHtu‘s whie.h serve 
to distinguish one musical instrument from 
another. Tho chief of these ar(‘ as follows : 

(a) Tho range of piU^hes })ossible, or tho 
compai^a of the instruintuit. 

(b) Tho interval relatioji of tho notes, or 
scale, in uso. 

(c) Tho power and delicacy of tho sounds 
procluciblo. 

(d) Tho nohsc.M accompanying the beginning 
or finishing of the souiuls. 

(fi) Tho possible or inevitable changt^ of in- 
tensity of tho sounds while they last, 

(/) Tho cjuality of tho sound when estab- 
lished, by musicians tern\<‘.d lone. 

{(j) Tho poHsilhlity of soynding a number of 
notes together or th<‘ re-strietion to ono at a 
tinus f.c. tho ca])a('ity for harmony or tho 
restricition to melody. 

Taking each of tluw sewen points in order, 
wo may illustrate th<*m by tlu^ following con- 
tnisted pail’s of instrunumts, <►! which oikh of 
any pair may be distinguislu'd from tin* other 
on the above j)rinciplcs by hearing without 
seeing. 


p/) Ihinncnium 
(/;) Jhigh^ 

(c) 'i’roiiiboiK* 
{d) Truin{)(‘t 
(r) Ihirp 

(/) 

(7) V^it)l()m‘(‘llo 


Conci'rtina 

hurge*. Htnnll conipiiHs. 

( bnx't 

llanuonx' se'rh'H, e-hm- 


nrnih’ Ht'ule. 

b’lule 

Powerful, h'chh*. 

( 'larinet 

Declamatory, smooth. 

Violin 

Soutxln die away. 


HUHtaiiKMl, 

Krencli liorn IN-net rating, muttltMl. 
Piano Me‘l(Hly, harnmny. 


The (‘nd(*av<uir Ims Ixum niadi* t(» eit(* 
typi(ULl (‘xumples, bntr no doubt the discrimina- 
tion between the imunlxTSof ejuih of tlHuib<»v(' 
pairs w«nild d<*p(‘nd partly upon olh<*r guiding 
factors, Hom<‘ perhaps too subtle to be rec<ig- 
nis(al as stn’h. 

As tt> qualify <>f tone, w(^ may Iraia^ an almost 
e<mtinuonH gradation from rough coarse Imss 
(luality, thnmgfi <lull, rich, full, or nielhnv 
tones, to IhoHt* which ar<‘ (h'scu’ilMMl as hnllinnt 
or even }>enctrating. n<‘linholf’/ 1ms sln»\vn 
that the (pialith’s of tone thus popularly 
deserihed corn^sjamd to compound soumls in 
which the jaime or fundanmntal souml of 
lowi'st fnapieney is a(^{a)rti[)a»ned hy a r<dinue 
of other (and usually) fainhu* soumls of higlnu* 
fr(‘(|U(m(‘i(*s. All th<‘se sounds (including the 
lowest) are <adhfd pariials. Musical houiuIh, as 


to their qualities of tone, may bo scientilically 
divided into tho following (ilasscs: 

(i.) Those with the full harmonic series of 
])artials; i.e, the sounds have frequencies as 1, 
2, JJ, 4, T), 0, etc. 

(ii.) Those with the odd liarmorxic scries of 
])ai’tials ; i.e. the sounds have frequencies as 1, 
,‘l, 5, 7, etc. 

(iii.) Those with inharmonic i)artials; i.e. 
the sounds hav(^ frc(iucneios inexpressible by 
small %cholc numbers. 

(iv.) Those without any upper partials. 

(v.) Those with hannonic pariials, some of 
which near fixed pitches are specially favoured 
whatever the ))itcli of the •j)rimo. 

Most musical instruments fall into the first 
of these classes ; a few' into the second ; chunsh 
hells, bai*s, and gongs into the third; tuning- 
forks into the fourth ; w'hile the human voice 
singing vow'(‘ls stands alone in tho last. (The 
(luestion of the special tuning of keyboard and 
other instruments is treat(‘d in §§ 5-6.) 

§ (25) (JoiyiCAHHlOH OF CliiiiOF McsiOAi. In- 
KTRUMKNTH, — Table VJl. (p. 690) gives tho 
aiiproximaki compasses of the chief musical 
instruments (dassified both scicmtifically and 
musi(tally. 'I’lic nott^s given show tho true 
pitches of t}u‘ limiting hoiuuIh, and not neces- 
sarily th{)H(^ writkui for tlio instruments, 
which an^ often tliiTerent according to tlio 
pikOi of th(^ iuHtrumont and the traditions of 
the profession. 

§(26) Tiiw (fuiTAu. — This instrument has 
six strings, the tdin'c upper Ix^ng of catgut, the 
thr<H^ lowt^r of silk covered with silver wire. 
Tim strings an^ pluciked by f.he riglit Imnd, tho 
thumb being UH(‘d for tho three lower stringfl, 
and the limt, H(‘iH)nd, and third fingers for the 
tlinx' upptn* sfrings, the little linger rosting on 
the body of the instrument, To obtain tho 
<lifT<*n‘nt notes of the scabs the strings arc 
pressed }»y th<^ lingtu’S of the l(4t hand (or 
stopped) against the frets or little pieces of 
wtMxl whicli (TOSS tho finger-board at the 
appropriate' place's. Wlu'ii the vibrating 
It'ugth ('f the' string is thus reduced tho fro- 
(iue'uey is ine’.reMisexl anel tho note j'rexlui'e'd 
is ae'exinlingly lughe'r. Thus, if the string’s 
vibrating h'ngth is reelueiexl to one-half the ne)to 
is raisexl an oe’taves bee’ause' its freeiuenoy is 
demblexl. Again, if the length is reelucccl to 
t.wo-thirelH idle note is rniseel a fifth, bocauHO tlio 
freeiue*ne'.y is ine'rt'aseel in the ratio e>f two Ui 
three*. Similiir re'inarks apply to tho other 
note's of the' se'ale*. 'Phus evc'ry use eif tho fre'ts 
raise's the* pitch above that of the ope'ti string. 
An ne'e'ount of tlie Uu'oretieial esilcubitiem of tho 
freejuem'U'H of strings is givon in § (52) (i.). 
Notes cnlh'el harmonics may be' obtaitu'd by 
teme'bing the' strings Hglitly with the finge'rs «>f 
the' h'ft haml inst^e'ael of pre'ssing them harel on 
to the* fre'ts. Thus, touehhig at the' mielelle 
yielels the eictavc, toucliing at cither peiint eit 
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tiisection {one-third up or tyx> -thirds up) yields 
tke twelfth, touchiag at one- fourth up yields 
the double-octave. Hence (reverting to the 
typical subdivisions of a musical instrument) 
the thumb and three fingers of the right hand 
are the exciters, the six strings the vibrators, 
the sound box the resonator, while the fingers 
of the left hand and the frets are the manipu- 
lative mechanism for producing the scale. 
Since the notes are made by plucking they 
soon die away. 

§ (27) Tee Mandolik.— This instrument has 
four double strings, those of each pair being 
set to unison. The e" strings are of catgut, 
the a' strings of steel, the d' strings of copper, 
and the g strings of catgut covered with ^ver 
wire. The notation for these strings is that 
shown at the top of 'Table 7II. The strings 
are plucked with a plectrum (of tortoise-shell 
or horn), and stopjped (that is pressed hard by 
the fingers of the left hand) upon the finger- 
board to produce the notes of the scale. H. 
Berlioz, the composer and writer on instru- 
mentation, states that the quality of tone of 
the mandolin has a keen delicacy not possible 
on other instruments. This is probably due 
in part to the filne point of the plectrum used 
to initiate the vibrations. As in the case of 
the guitar the notes of the mandolin are soon 
damped out. 

§ (28) The Haep. — ^This is the important 
representative of stringed instruments played 
by plucking with the fingers. The double- 
action harp is tuned in Cb and has seven 
pedals. Each pedal acts upon all the strings 
of a given name throughout the compass of 
the instrument. Further, each pedal may be 
used to raise the strings to which it applies by 
a semitone or by a whole tone at the option 
of the player. Thus, by the right use of the 
pedals before commencing a piece, the instru- 
ment may be arranged to provide any one of 
the fifteen major scales in the keys from Cb to 
Cs, both inclusive. The melodic minor scales 
cannot be thus sd by the pedals, since they 
require different notes in ascending • and 
descending passages. The harmonic minor 
scales can be set in the twelve keys from Ab to 
Cj inclusive. The octave harmonics may be 
produced on the longer strings of the harp by 
touching them at the middle with the fleshy 
part of the palm of the hand and plucking with 
the thumb and two first fingers of the same 
hand. In the harp a separate string is pro- 
vided for each note of the diatonic scale, and 
the pedals are the only accessories needed 
to give the accidentals or other shams or 
flats. ^ 

The harp’s quality of tone mingles well with 
the various brass instruments. The tone is 
also somewhat under the control of the player, 
since the strings inay be plucked at various 
places and in a variety of ways. 


It is to be noted that the lower noto^ of tlic^ 
harp, being made by long and heavy striiigH, 
are fairly powerful, and not so (luiekly quenched 
as those of the guitar and mandoliti. JndotMl, 
they often need to bo damped or vket'ked hy the 
hands. Still, since they are i)luc!ke<l, they 
must die away in time, having no HUj>i)ly of 
energy to sustain them. Further, the fact 
that the string is excited by phuddng leaves 
the string free to follow the vibrations natural 
to it, and this gives a certain cliaraeteristici 
quality to the tone of such instrunientH. 'I’his 
is due to the fact that the higher ])artialH 
of a thick string aro slightly inhvrmonic and 
will 80 sound in tho case of a 7)liU!ked or ntrm^k 
string, whereas in a bowed string all tho vil)ra- 
tions are forced by tho bow into the strictly 
harmonic frequencies. 

§ (29) The Piaitofortk. — In this instru- 
ment ^ the strings are of <!ast-st(sel wire, at most 
parts of the compass bohig in duplicate or 
triplicate, but at tho bass end single and over- 
spun or wrapped with coppe^r or oth<‘r wire. 
In tho grand pianos tho strings an^ arranged 
horizontally to admit of grcatier l<*iigth and 
correspondingly increased power. 7Tio sounds 
are excited by tho folt-faccd haminers drlklng 
the strings, then rol)oun<ling an<l leaving them 
free to vibrato. Tho hainnu'-rs aro set in 
motion by tho acimn (or train of rntichanisin) 
intervening between them and the keys which 
form the familiar keyboard. T'he a<dion also 
lifts a felt-covered dumper from tlu^ string 
when tho key is struck, holds it off while the 
key is held, and roplneos it to terminate the 
sound when tho key is released. T’ho d<'|>reH- 
sion of tho right pedal takc.-^ tho dainpcira off 
all tho strings and thus allows a (M)nKidcraUlo 
iucroaso of loudness and change of (juality of 
tone through tho 8ymi)ath<»t.i(T rcBoiiaiu^oB <»f 
strings which aro not strindc. uho of the l(dt 
or soft pedal either {a) roHtrudiS t he vibrations 
to a single wire for ou(di notes (h) nuiill<*H 
the sound by tho intiU’position of a layer of 
felt, cloth, or other soft inahM’ial the 

strings and tho hammors, or (r) obtains a 
softened effect by shortening the stroke <if the 
hammers. Along the upper part of fraune 
(in tho upright ])iano) then^ is tiu^ woodfui 
wrest -plank carrying the tuning piim info 
v^ch the strings are faiHtene<l, 1 ludr 1< aver (MuIk 
being secured to tho hihdi pins placcxl along 
the lower parts of the frame. T’he slringH 
rest upon hard- wood hridg(^s glue<l to the 
sounding-board. This is oft(M\ of spruce fir. 
It is slightly convex towards the HtririKH, aind 
is strengthened by harw of ]>ine glued to its 
inner concave side. 

Having thus outlined tlu'i consfruetion ain<I 
action of tho piano, let us turn to the fiwdom 
upon which dopond its retiiuu^ of juirtiavlH anti, 
consequently, the quality of its tone. 

^ Sec also “ l>ianofort(‘, 
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* Wlien played puzUxtto^ tliese fail under the heading of plucked strings. 
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As we haye seen, the exciters are the 
hammers, the vibrators of definite pitch are 
the strings (one or more for each note), and 
the sound-board is the resonator. Thus the 
blow of the hammer, at a spot chosen by the 
maker, imparts a transverse velocity to a small 
portion of the string. The state of things 
produced there runs to and fro along the string. 
This leads to a particular type of vibration 
according to the Jorm and softness of nhe 
hammer face and the place at which it strikes 
the string. A sharp hard edge to the hammer 
would favour very many partials and develop 
a tinkling or piercing tone ; the rounded soft 
face of the hammer in actual use gives a justly 
prized mellow tone. Again, if the string were 
struck at a seventh of its length from one end, 
it is impossible for this point to he a place 
of no motion. Consequently the seventh 
partial is not encouraged, for it would corre- 
spond to the vibration of the string in seven 
sections with one of its nodes (or places of no 
motion) at a seventh from one end. But this 
remark as to no motion at the node applies 
only to the vibration for which it is a node. 
Hence, though the hammer hy striking at a 
seventh would not encourage the seventh 
partial, this partial might still creep in. In 
some pianos the striking place is between the 
seventh and the ninth of the length of the 
strings from one end, var 5 dng in different parts 
of the compass. The time of contact of the 
hammer with the string may be of the order of 
half the period of the prime or fundamental 
of that string. Thus for the middle 0 (of, say, 
264 per second) the time of contact might be 
less than one five - hundredth of a second, 
perhaps as low as one six - hundredth of a 
second. 

We have seen that the character of the 
vibrations of the piano string itself depends 
largely upon the nature of the hammer and 
the position of its blow. It must bo noted, 
further, that the character of the vibrations 
depends also on the thickness and material 
of the strings. Thus, very thick strings of 
rigid material would he too stiff to form very 
high partials, since they correspond to the 
vibration of the strings in many small segments 
and involve considerable bending. And for 
the same reasons any moderate partials would 
he inharmonic and would so sound. 

But when the type of the vibrations of the 
string itself is fi.nally settled, is the instrument 
committed to a definite effect as to quality 
of tone ? Certainly not. Another very im- 
portant factor remains to be examined. This 
is the sound-board and its bridge upon which 
the string presses. 

The importance of the sound-board may be 
seen thus. If a string isolated from the sound- 
board vibrated precisely as a pianoforte string 
does, very little sound would be heard. The 


reason is that the air ■woiikl flow and rellow 
round the string and bo scai-c<^ly dinturbcd 
far away. A sound -board, on the otluu* hand, 
cannot vibrato without setting in motion a 
large body of air, thus starting wav(^^^ of 
sound that arc audible all over a largo room. 
Accordingly wo must ask, not merely what 
vibrations does tho string itself extHmt.o, but 
also what vibrations does ilu^ string fonfo 
the sound - board to oxccuie V Of (course, 
the latter vibrations dei)cTKl upon the 
former, but may dilTer from thoiu in essentia 1 
respects. 

If tho vibrations of the string itustdf aro 
precisely all that could be (lesii’cd, tluui it in 
the duty of the bridge and Round-boartl to 
reinforce them without ekantje of (diaractor 
and convey tlioin to the air. If, on tho 
contrary, tho vibrations of tln^ stidiig aro 
defective in any way, tlien on tho bri(lg(^ tnul 
sound-hoard is imposocl tho double duty of 
reinforcing and improving thcHo viljratioiiB 
so that the dosirod quality of tone is riun^ivod 
from tho instrument as a whole. 

The exact typow of eornph^x vil>rationL 
which are most aocoptalfio as fo ruling the idt^al 
musical tone aro to some oxt<'Ut nmttorH of 
opinion or controversy. Btill more difiituilt 
is it to assign the (Hniensioim of the 

mechanical details of hammer, string, hri<lg(s 
and sound-board which woui<l stHMiro tlwdr 
production. Probably the nature of t.ho wood 
of the sound-board and its soaHoning nro V(»ry 
important. Possibly also tho exact dinu^n- 
sions of a sound- hoard must her varicul acoonl- 
ing to tho particular nature (»f the HjX'rimm 
of wood used for it. The vnrioim poinfM 
hero briefly referred to have becni uiuler 
investigation for some luit no final 

solution of such iiitriento pro)>leins vi\n ho 
expected at any early (lat(^. hi iniitt<u*s of 
this kind we no doubt owe much to the 
refined taste and instiiKit of ihost'i ct)n(‘ern<‘<l 
in tho making of jiianos, aiul to t-lunr atuniinu- 
latod ©.xporionco during two and a half 
centurioR.'* 

§(30)Tnifl Yror.m Family. --The itiHlru- 
ments of this family now in use in bhigland 
are four, namely, tho violin, thin viola, the 
violoncello, and tho doiihlo-hnHS (ho(^ A^V/,y. 4 a, 
4b, and 4o)- Tho violin has its Htriiign of 
catgut tuned to e", < d', and r/, the latter 
being covered with silver wir<‘. Tin* notation 
hero used is that at tlio tof) of Tabk' VI I, J (2r>). 
The viola has its strings tunc^l t( > d', //, nntl r, 

all being thus a fifth lower than thoH<^ of the 
violin. The violoncello is an ru‘t,av(» 

below the viola, its strings being necortliiigly 
tuned to «, rf, Q, and (\ Tho doubh^-baKu may 


n w n ™ vibraf ions i(aiK‘rs 

and July 1011 ; also one hy (!. y. itanian. Jiott Sin* 
Froc., April 1020, xcvil. 99-110, 
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hfiYo throe strinj^s or four, and they nmy bo 
tuned to fourths or fifths, the earlier tilteriUL- 
tivo in each cawe boin^^ that in more geneiul 
use in England. Thus the throo-strin^c'cl 
bass may be tuned in fourths to G, I), aiul A,, 
or in fifths to A, D, 
and Gi. 

Except for the 
strings, their tun- 
ing, and the corre- 
sponding HiZOH of 
the inntruin(‘nt H, 
they have niucdi 
in coninioii. Tlum 
many of the follow- 
ing reniarks apply 
to all of them. 'Jlio 
bow with its roH- 
iiied hairs i« tlu^ 
exciter, the stringK 
are the vihratom 
of deliiiite 
the aouiid - box is 
tluuTSoTiator, whih^ 
the linger - 1 >oar<l, 
frar. frotti 
allowK the sanlt^ to 
he played l>.V tlie 
lingtu’H <if th<' l(dt 
hand. Th(‘ vihrat- 
ing portion of tli(‘ 
string n'lK'hes from 
tiu^ bridge* to wliat 
is called tlu^ 
tlu‘ Iiltl(*ei’(»HH*ine<’(‘ 
of (*boay or wood 
b(‘t\v(‘en the n(‘<'k 
nn<l head or iieg> 
box. When llu* l(*fl 
iiund is faiih(*Hl 
from the bridge it 
IH sjiitl to be in 
tlu‘ lirst piadtioii. 

Then, the first, 
second, and third 
fing(M'H H hen no***! 
in turn 1o t lie 
string (/.r. to pienf' 
th<* Hfrine iigainnt 
tlu* linyer ■ board) 
gdve the indes of 
tin* diatonie senie 
reipiired to bridge 

tlu* intiTval hel\v<‘('n 
next, TbuH from 
of flu* violin, fhese 
tlu* lodes n, //, and 


VInloao'lli ». 


one open Hiring and the 
the fotirlli or f/slring 
lingi^rs give in turn 
r\ 'riie nest open 


striiui is tl', on wliieh tin* tiugem stop fh<* 
nof(»M f\ and ’I'be fonrth lingi*r may 
be used «in any of tin* three haver strings 
to give a Hole in nntHun wilh (be opim string 
above. When tia* hantl is shift <m 1 nenrer 
the bridge ho Hint tlie liml linger oeeupii'S 


the place fiumiorly liehl by the hihuukI linger, 
the hand is aa.id to be in the sisioiul posithm. 
The third, fourth, liftli, sixth, ote, positions 
are also used, the o<l(l being oaHier than t-lun 
oven positions, hhieh position bus its advan- 
tages as regards tlie notes connnandcil on a 
given string, cdther for the sake of (a) smooth- 
ness of phrasing in cci’tain jiassagcH, or (6) the 
special (pndity of tone of the string on which 
such notes are now played. Kor each string, 
dilTering in tbiekness and masH from its 
fellows, haa its own toni^ and other individual 
fhanudcTistic^s. 

The liugoring of the violin in the first and 
tliiril iiositions, in illustiralioit of the above 
remai-ks, w shown in Fifj, 5. In the third 
1)( mition the notes 
indi<iat(Ml by are 
played by the 
fourth finger 
Htretehod o\it a note 
higher and only 
tom' king tlie siring 
lightly at its 
emit re,” thus 
1*1 iei ting the (H'tave 
hftrm.onit). When 
the term centre is 
used haro it must 
bo interpreted, not 
ncecHsarily as the 
point i>iqiil(llstant 
from bridge and 
iiut, but OH that 
point which clividos 
the string into two 
segments which 
vi hraie iti the saino 
tiino, Tliis is often 
not (pdlo th(*i same 
as the fornit'r, be- 
I'u.UHO the si rings arc 
usually slightly 
taporing from end 
to end, 

Uifc UR now ex- 
arnino morn olowdy 
the action of thn 
violin and the r^lo 
jibiyedl iy its various 
partis. \V<s may thus 
learn Homething of 
tlie ((ualilies a lino 
instrunieiil, should poSHCRS, aiul also of 

' what i<H U'tdmiijue dernnn<lH. The stroke 

, 4ir the bow piillK the howe<l ]>art of tdie 
i string aside at iis rum tliiH jiart then 

i spriiigH back, usually at a dilTenmi speed. 

I Kurth<*r, wlu^n tlw^ Ixav profierly rosinod Is 
nppli(*(l with du(^ prcMsiin^ at the right place 

I ‘ Stinuheil by ll(‘linliol<.j! and recently (1014) 
cHtahllMlicil hy V. Panian. (See Scirncf AOntrnrUt 
I A, lUlA, livUi. 87.) 



(•’lu. lc. houhle-PaHi. 
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oa the string and moved at the appropriate 
speed at right angles to the length of the 
string, then, the full series of partial tones is 
elicited, and with a special grading of their 
intensities as follows : 

^ “t- 

Or, in words, the intensities of the partials 
of a well -bowed string are inversely as the 
squares of their fre- 
bird This highly 

sition specialised composition 
constitutes what may 
be called violin tone. 
But these partials do 
not make any im- 
mediate appeal to the 
ear. The vibrations of 
the string first affect 
the bridge (of maple) ; 
its feet press upon the 
pine beUy and set that 
in sympathetic vibra- 
tion. The belly sots 

1 the ribs (of maple) and 
back (maple or syca- 
more) in vibration, 
and thus also the air 
contained in the aound- 

2 box, which passes in 
and out at the ' two 
/-holes. The belly is 

’ ^ strengthened by the 
bass har, which is inside 
4 it and lies beneath the 
' f7-Btring. Nearly under 
^ one foot of the bridge 
o (on the 6^ -string side), 
the helly is supported 
PiQ, 5 ^ by the sound-post, a 

Fingering of Violin. little round piece of 
pine whioh is hold in 
place by the pressure between back and belly. 

It seems highly probable, therefore, that the 
main portion of the sound heard is that proceed- 
ing from the vibrations of the belly, the hack, 
and the air between them. Further, since 
these structures are of complicated shape 
with asymmetrical strengthening pieces, it is 
not likely that they can follow precisely the 
vibrations conveyed to them from the string 
by the bridge. Indeed it has been shown 
experimentally that the vibrations are. modified 
in character as they pass through the series 
of moving parts: string, bridge, belly, and 
air between it and the back. And this is 
only what rnay he expected from the practical 
consideration that the value of the instrument 
lies in the sound-box that modifies the vibra- 
tions in a certain individual manner, and -not 



in the strings that originate them. The fine 
old violins have also a special varnish which 
preserves and perhaps enhances their tono.^ 

Let us now consider what the violin requires 
from the performer. The lingers of the left 
hand have to stop the strings so as to i)rocluco 
the notes in the intonation desired according 
to what other instruments arc used in concert 
with the violin. Further, tiiis task must bo 
performed without any help from frets, which 
are not present on the keyboard. But tliis 
loaves the possibility of gliding the huger 
from one atop to another, thus introducing the 
grace called 'portamento, which must be used 
with discretum. The finger holding a stop 
may also bo rocked or rolled, thus producing 
an ofPocb called the trem,oLo. It may bo 
executed rapidly to intensify dramatic expres- 
sion, or slowly to impart tondornoas to a 
pathetic melody. Tlius, excei^t for the 
portamento and the troniolo, only accw'ucy 
(in stop and time) is demanded from the 
loft hand. But from the riglit hand are 
required not accuracy only but the production 
of all the tone and exprossic.)!! of which the 
violin is capable. The bow should always 
move perpendicularly to the atrings ; tlu^ placto 
of bowing must bo chosen according to the 
effect desired, near the bridge for U)ud passage^s, 
farther away for softer ones. Again, with 
each such place must bo assodatod the oorro- 
sponding pressure and speed. The strings 
of the harp are plucked, those of tlie piano 
struck, and the vibrations of each die away 
according to the inexorable law of such 
instrument, over which the playt^r has no 
control. The vibrations of a bovvcnl string, 
on the contrary, may b(^ sustain ed of constant 
intensity, or may be gradually ine.reasod or 
decreased in intensity at the will of the 
performer. Indeed, in this respo(tt, everything 
is possible on the violin, though corrospomi- 
ingly dilhcult.8 

§ (31) Metal Rkkds without’ Ihrus.— The 
harmonium, the Amcirican organ, and the 
concertina present cxainplcH of this cduss of 
vibrator, the reeds in CjueHtion being (iilk^d 
free reeds. A reed or tongue of this type is a 
thin oblong inotal plate or strip fasUuied at one 
end to a block in whioh there is a hole bdund 
the tongue of the same shapes. In some 
examples of those reeds the tongue, wdiein at 
rest, closes the hole in the bUude except for a 
very fine clearance at its margin. \Vh<in in 
motion the tongue altornntely op<ms nn<l 
(nearly) closes the IkjIo in the ))ioek. Now, it 
is a result of theory that, the more Hucklen 
the discontinuity of any periodic motion, 


^ For TfiSRarcli work on tho violin boo Phil. 

Auff. IflOl), Sept. 11) 10, June l‘)12; also liulletin, No. 
15, Indian Assoeiutioii for the Cultivation of Srienrts 
11)18. 

on those points h(‘o Phil. AIng., 
May 1920, xxxlx, 535-030, ’ 
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the greater the relative iniportarico of the high 
l)artial9 which, are i)roaont in the coireapoiuling 
sound. Thus, the more sudden the action of 
the reed, the more obtrusive are tlie high 
partials in the sound, and the more cutting 
or grating is the quality of tone. Turther, 
since in the instrinneiits now under notice 
there is no })ipo whoso resonance might 
modify this quality, it roinaiiis of ,tliat cutting 
cluiracter which soon palls. 

To slini*])eu the pif.(di of 4i rood, a little is 
scraped of! the tip. TIuh, while not changing 
the spring, diminishes the nnisa at the end 
whore its elTect is gu'iat cst and so incroases 
the fre(pioiu\v. To lUitten the j)itoh, a little is 
8crape<l olT the root of the r*ced. This, while 
not changing the olfciotivo mass, weakens the 
spiing and so decreiises the fre(Hioncy, 

.In tli<^ harmotiiuin the hollow's Jorccft the 
wind t-hrough the reods, whiU^ in the Aineri(*.an 
organ the wind is drawn t-hrough the mds 
into tlu^ bellows. Tlu’i Mnglish troncertina is 
tun(^<l to nuNin-tone and has separate notes for 
J)K and also for ( Jjf ami Ah. 

§(3:2) IvKHi) Pim-JH IN TiiK OiwJAN.- These 
(lifTer hi two n^spt^cts from thci reeds of the 
harmonium, fmi in having n pijw to modify 
tht> <juality of tone produt^tvd by the re€^(i, 
Hfcoad in the manner of their tuning. It is 
also to 1)(^ iiotioe<l that the roods are of two 
kimls, frtH' reeds like those in thci har- 
monium, and Iwntini} rt^ods which arc too largo 
to pass into th(^ o}>ening with wdiioh they are 
aHH(K*iate(l. 'I’hey therefore bond on to the 
o()<‘ning like a covering flap until they have 
m^arly elosod it. i^iudi a rwnl is adjusUwl, 
or rtnrrdt so jts to close with a rolling motion, 
ami thus gradually cover tlie ajK'riuro- I'he 
hurshnesH <»f ({uality oonwMpKuit ujjou a midden 
disc«»ntinuity is thus ohviatial. Tho frcM) rtuHl 
(»f an organ pip<^ is iuiu»d hy a wire clip whieh 
grasps it near its r»»ot. The shorUw the 
vibrating p.nrt (d th<* reed tho higluw the 
pileh. M’he beating hmsI has a wir<* pressing 
upon it m‘ar tiie roDl, and l)y its adjuHtiiuMit 
the re<‘d is tmu'd. Hy varying' th»‘ d( ign of 
tiu*' nM'ds and the shape of t-be pipes uitli 
wliieh they are used, various tyjm'al tone 
<]UHtiti(‘S eun he (drained or afiproiu’lieil, thus 
inulating or suggesting the various (U'elu'Kiral 
iiistruinents. 

in thes<* reed slnjtM (or wts of piji(‘H of a 
given type for several «M-tnves) we may note 
t ito fidlowiiig parts and funotiouH, hlnst 

of wind is the the reed of delinile 

piteh is the vil>ratt»r, uiut the pipe with wliieh 
it is nssocinted m tlie reMonulor modifying the 
(jualily of tone prodiieed. 

8 (;i:i) !biM:s wrriforT Hr-nns. 

'riuw constitute the lliitr, or line, of the 

organ. Tiny an* usually parallel and nhvnys 
liuv(» a typieul opening r;dh'<i the nnmth. 
Ahov(* the mouth is the simtkinif lr9i\fih of the 


piX)c, below it is the rack or portion 

of smaller tube hy which tho pi[)o is x>ut in 
connection w'ith tho wind chest from which 
it is blown. Metal pipes arc usually of 
circular cross-soction, w'ood pipes are usually 
rectangular in cross-soction. Tho flute pipes 
also fall into two main, classes accjording as 
they arc or stopped at their tup end. 

Let us incpiiro how those ])ipe8 coino to 
utter tludr musical sound. (See JH^j. (1.) 
SuppoBi> tho ])ipo is ill position, tho air in 
tho wind chest at tho right ])resHure, and tho 
key is doprossed. Then the bhist of air issues 
from its slit-liko onioning at the lower part of 
tho mouth of the pipe and passes up in tho 


Prlm9 2nd. Partial 3r<i. Parital 
Tone Tone Tone 



form of a thin sluM^t or hhido and strikes tho 
/f/M>r upper e<lg(‘ i»f the pipi'^s mouth. It may 
puHH chiefly outsidf* I he pipe and so make a 
rarefaction inside* »»r it- may pass < chiefly itisido 
and HO luuke there a eompn'sshm. Whichever 
state is tirnt pintUiecd just inside tho nnmtli 
advnuecH to the top of the pipe, is ilioro nv 
llcM'ted, nml nduriw to the mouth. On 
renehiug the mouth this rcficetcd disttirhaiieo 
1 renets upon the unstuhle hlnde-sliaped 
I of air still passing upwnnl at the nmuth. 
i Aeeordingly this strenni is (vinily pimluMl or 
j drnwu aside, and hy this very ilidlection 
encourages that state whieh already exists. 
Thus the wind maintiiiuM the wotiud of tlic 
pifw. Ihit its jnt«*h or frcjpieiiey is llxi*il by 
its speaking length, the tiature of the reth***. 
tioa at the top, and the s|hhm 1 id SiMtnd in 
tho air »»f On* pqs*. 



704: 


SOUND 


(i.) Opm Pi^es . — If the pipe is open then a 
compression arriving there will be reflected as 
a rarefaction, for the two opposite states am 
reqi uired to keep the pressure practically con- 
stant, as must be the case at an open end. 
Hence, if a compression starts up from the 
mouth, it is changed into a rarefaction after its 
ascent, and after its descent it is again reversed 
in state by reflection at the mouth, so starts up 
again as a compression. That is, the original 
state of things is repeated after twice travers- 
ing the speaking-length of the pipe. Consider 
now the ease of a stopped pipe. A compression 
arriving at the top end is reflected as a com- 
pression (the double compression being easily 
supported by the stopped end), descends to 
the mouth, is there reflected as a rarefaction, 
and passes up and down the pipe again in 
that state. Then, by reflection at the mouth, 
it is changed to its original state of compres- 
sion. And this occurs after traversing four 
times the speaking-length of the pipe. Thus a 
stopped pipe has about double the period 
and half the freq[uenoy of an open pipe of the 
same length. In other words, stopping tho 
pipe lowers its pitch about an octave. All 
the above remarks apply to the prime or 
fundamental of the pipe. Let us now inq^mro 
what are the pitches of the other partials 
possible to tho pipe. Take first an open 
pipe as shown in Fig, 6. To prepare for the 
upper partials we may with advantage go 
into a little closer detail in the prime itself. 
Thus the mouth and the up]ier open end are 
both antimdes or places of freest motion. 
These are accordingly marked A in the first 
column of Fig. 6 under the heading prime tone. 
But, half a period after a compression loaves 
the mouth to ascend, a rarefaction loaves it 
also and starts up tho pipe. Now, at this 
very instant a rarefaction, derived from the 
previous compression, is starting down from 
the top. Thus, these two rarefactions will 
meet at the middle of the pipe, and while (by 
their opposite direction) annulling all motion 
they will produce a double rarefaction. This 
middle point is therefore for the prime a 
node, or place of no motion but greatest 
change of pressure. It is accordingly marked 
N on the figure. If tho pipe were overblown 
it could sound its second partial tone. Tho 
corresponding state is as shown in tho column 
under that heading. Thus, there arc again 
antinodes at tho open end and mouth, but 
now an antinode in the middle also, nodes 
occurring midway between the antinodos as 
before. Tho wave-length of the vibration is 
accordingly half that for the prime and tho 
frequency, in consequence, is doubled. The 
next column shows the state of things for the 
third partial, in which the wavo-longth is a 
third that for the prime and the frequency is 
trebled. In Fig. 6 a little tambourine with 


sand is shown at tho middle, by which it may 
be demonstrated that there is no motion at 
the nodes and much at tlio antinodes. The 
gas jets F, G, H show that there is a fluttering 
of pressure at the nodes. 

Now, when tho pijjo is supplied with wind 
of the appropriate i^rossuro it sounds the ])rimo 
most prominently, but also tho other partials 
too, their intensity falling off as wc ascend in 
the series. A set of pipes intondod for use 
at any given pressure must thci’oforo be so 
voiced (or adjusted at their mouths) as to 
respond readily to blowing, and start thoir 
notes as promptly as possible. If tho stream 
of air were so directed as to fall outside the 
inpe always, or insido it always ; then in 
each caso the pipe would not speak. It must 
bo BO directed and of such unstable nature 
as to be easily pushed t>ut or drawn in by the 
first feeble puke that has travelled up and 
down the i)ipc. Further, this stream of air 
must be of such nature as to cncourago, not 
the prime only, but each of the other desired 
partials also, and each in tho degree desired. 
But the pipe has a groat ofToct upt)n tho final 
result whatever the stream of air is favouring. 
Thus, with a narrow oj)eu pipe, all tho partial 
tones are well in tune, that is tho fro(j.uoncics 
possible to tho pipe arc almost exactly in. tho 
ratio 1, 2, 3, 4, 5, (1, otc5. Now when tho 
blast is on, all tho partial tones a(5tually 
sounded must bo precisely in tune as just 
mentioned. Hence, on blowing such a pipe 
these partial tones readily respond and tlio 
tone is fairly bright bccjauso many partial 
tones are present. Again, (torisidor an open 
pipe, but this time a wider one (and perhaps 
of wood), tho possible partials have frequencies 
nearly as 1, 2, 3, 4, 5, (>, getting more out of 
tune as wo ascend the series. Ai^ciordingly it 
requires more effort to iiidm^e tlu^se higher 
i)artials to speak in tun(^ whitdi th(‘y must 
do under the iiifiuenee of th(^ blast if tlu^y are 
to speak at all. I’ho result is that these 
higher partials speak more fc^obly in a wide 
pipe than in a narrow one, and tho tone is 
consequently mellower or less bn’ght. 

(ii.) Stopped Pipes. — Turtiing now to a 
stopped pipe, wc must always have a no(l<^ at 
tho stopped end and an antinodo at the mouth. 
For the prime tone there is no otluT node or 
antinodo in tho pipe, which a(!(U)rdingIy hits a 
length about a quarter of the vvavc^* length 
speaking. For tho next partial we should 
have tlxe state of things represcuited by 
ANAN ; beginning at the mouth and (huioting 
by A an antinodo and by N a node. I’lu^ 
length of the pipe is accordingly throe-(i iiartors 
of the wave-length now in us<\ In otlu^r 
words, the wave-length is now one-third that 
for tho prime and the frequency is trtddcd. 
j Similarly for tho next higher partial w'e should 
1 have tho scheme ANAN AN. This shows that 
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tho pipo is fivo-quartors of tho wave-length 
now in use, whoso frcq.uency is accordingly five 
times that of tho prime. Thus, for a stopped 
pipe the froquoncios of the partials possible 
are as 1, 3, 6, 7, otc., t.e. as the odd numbers 
only. With tho stopped ])ij)e.s again (as with 
the open ones), tho narrowness of tho pipes 
favours tho uj)por partials and produces a 
brighter tone, while widening discourages 
them and gives a dullisr tone. But, whether 
wide or narrow, tlio stopped pipes have a tone 
quality distinct from the open ones because 
of tho odd partials only being present instead 
of all. Tho tone of 8to])pe<l jhpos may bo 
described as somewhat hollow, tho wider 
stopped pipes have a dull quality of tone, and 
when very low are said to bo soft and powerless. 

The tuning of open Hue ])i]>es when of metal 
and oylinilrical is accompanied by shifting a 
sloovo which slides on tlic upper md. Pushing 
tho sle<wo up huigthens the pipe and tlattens 
tho pitch, pusliing it dt)\vn ah<.)rten8 tho pipe 
and sharpens tlu^ pitch. 

Wooden open pipes are tuned hy bending a 
metal piece whicdi shades th(» toi). Tho pitch 
is liattened ))y lowering this flap, bocauHO tho 
open tmd is then more effectively shaded 
and this is equivalent to lengthening tho pi])o. 
For thes virtual ojxui end, ns regards tho waves 
of sound, is always beyond tho actual end, 
and the leas open tho end is tho greater tho 
discropiuKiy hotwcum tho two. To sharpen 
tho pitch the flap or shade is raised and tho 
virtually shorteiiod. 

§ (34) Ihiio FufTic ANTI) PionoLO.— Tn the.so 
instnitncntH (and (ih's) wo have a pipe parallel, 
or n(jariy so, open at one (md and pienjed with 
A special mouth-hole near f.h(u>ther end. They 
are thus oj)mparable to the flute pipes of tho 
organ as to tlie manner of maintaining their 
Bound, though tln^ li{>M and chest of the 
flautiHt rt'platui some cornwponding mecdianism 
iu the organ, The ah* blast may be regarded 
as tlie excitcu*, while fhe vibrating system 
com prism {(t) tlu^ bhuIe-Hhaped st.nvun of 
air which passi^s from tln^ player’s lips and 
HlrikoH the sharp edge of tlie mouth-hole, and 
(b) th(^ (column of air witliin the cylimlrical 
pipe. The piteli i« decidf^I and kept steady 
i)y the length of the air (‘olumn \v1ioh(^ vibra- 
tion canH<‘s the stream of air alternabdy to 
enter or pass c)v<t the mouth-hole. The 
manipulative mecfianisin for tlie pnolucthm 
of the scale ef>usi.stH of the hoh's and keys 
along the side of the tulx^ which aet by regulat- 
ing tile effo<ftivo length of the tube in use. It. 
ifl this length whit^h governs the time t>f 
paflsagn of a pulse to and fro in the tube. In 
a very simple form of flub? or piccolo there 
ar(‘ only six finger hoh?s and six keys, the h»rmcr 
Ixung <t[)en excerpt wlum closed by tiu? fingers, 
the lalt<?r closing holes except when opentnl 
by tfie lingers. In such a flute tho uncovering 


of tho holes in order beginning at tlie right-hand 
or open end would usually give tho diatonic 
scale of B. If, however, the tube is lengthened 
and other keys provided, the chromatic scale 
may be continued down to C natural. By 
some musicians the flute is then said to be in 
C, although the holes still correspond to the 
scale of B. In Table VII., p. 099, flute in B 



Fia. 7.— CJonc-ert. Flute, h'to. S.—Hllvor C'onccrt 

Pratten'H (^onc. .Pluto, hoohm (Cylinder. 

is inserted although of thifl tyfio. In tho Boehm 
flute tlie hol(?H are all covered, but tho positions 
of tlime I{(?y-liol<?H correspond to all tho fingor- 
hoIcH and k(\v-holefl in tlio simpler arrange- 
ment. ’'riio two ilutos are shown in Fi^a. 7 
and 8. The? musical notes indicated against 
tins open en<l and the other holes give the 
piich(?H sounded in the lowest octavo when 
each plac»e is in turn tho first opening counting 
from the mouth-hole. In other words, tho 
place in (piestion is open but everything else 
is (‘Insed between there and the mouth-hole. 
The higher o<?taveB are obtained by over- 
blowing and slightly different fingor'-“» 
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The flute has the full series of partials since 
its tube is parallel and open at each end, hut 
the partials do not usually extend far. Thus, 
the quality of the flute’s tone is very mellow 
and pleasing, being somewhat dull in the lower 
register if sounded softly, but brighter in the 
middle part of the compass. The partial 
tones of the flute are in some cases almost 
Umited to the prime and octave. In attempt- 
ing to obtain low notes loud^ the octave (or 
second partial) may be much louder than the 
prime, and there is difficulty in keeping the 
prime going at all. 

The piccolo is about an octave above the 
flute, but in other respects similar. The 
lower part of its register is poor in quality and 
is not much used, the flute giving better notes 
in this part of the compass. Also the higher 
notes of the piccolo, if loud, are somewhat 
harsh and ne^ toning down by a sufficient 
accompaniment. But the piccolo, judiciously 
used, can give an incisive brightness not 
otherwise obtainable. It can also continue 
a melody beyond the range of all other 
orchestral instruments. 

The flute and piccolo are the most agile of 
the wood-wind instruments, being capable 
of rapid staccato passages which would be 
difficult and ineflEeotive on reed instruments. 
This is in great measure due to the possibility 
of double and triple tonguing on the flute, 
which 'is impossible with a reed. To grasp 
this point we must note that the ordhiary 
method of producing or tonguing detached 
notes on the flute is by articulating the syllable 
too, or something which approximates closely 
to it. Now this is done by sharply withdraw- 
ing the tongue from between the lips and emit- 
ting a pufi of air. But if this syllable too were 
required for every detached note, however 
rapid the music, only a confused souffle would 
follow. Tor the tongue would have to perform 
two motions, backward and forward, for every 
note uttered. This difficulty is obviated by 
pronouncing different syllables alternately, 
say too with the backward stroke of the 
tongue, and koo with its forward stroke, a 
musical note being obtained at each stroke. 
Various syllables are used according to 
individual choice, clearness and equality of 
articulation being the aim. It is easily seen 
that douhle-tonguing offers the same advan- 
tage to the flautist that up-and-down bowing 
does to the violinist, a note being obtained at 
each stroke, instead of only one note for both 
strokes, as in single tonguing on the flute, 
or using all down-strokes with the violin bow. 

§ (35) The Oboe astd Bassoon. — These are 
the soprano and bass instruments of the same 
family. Each is played with a small double- 
cane reed, and each has a conical tube. It 
can be shown mathematically that such an 
instrument (a oon© closed by the reed at its 


vertex) must bavo the full soiloH of partials. 
And it is found by experiment to ho the case 
for the oboe. Indeed, some of its high partials 
are very powerful, and therefore make tho 
tone quality thin but penetrating. Tho oboo 
takes so little air that the i^layor is p^ll(^ticially 
holding his breath while sounding a c.ontiiiuoUB 



note, and needs rost not to take hroatli l>ut to 
expel that which could ned* he ponsod through 
the reed. With theso iuHt-nxments tho air 
blast is the oxcitor, tho rood and its oHsociateil 
tube form the vibrator, and thri H<une\vhat 
complicated system of holos an<l mipply 
the mechanism for tho production of ‘t he^ sealo. 
This is accomplished by cihanging cfTocdive 
length of tho tube from tho rend to the flmt 
opening. 

The conical tube of tho oboe is straight, 
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while the bassoon, about two octaves lower, 
has a bent tube. Tlio bell of the bassoon is 
at the upper end, the other or rood end being 
near the bell, but lower, while the conical 
tubing passes down from the reed to the con- 
cealed bond at the lowest part of the instru- 
ment and thence straight up to the boll. Both 
instruments are shown in Figft, 9 and 10. 

The English horn or Cor Anglais may bo 
regarded as an alto oboe, but the boll is rather 
dilToront in shape, and the 
tone is quii<o charac^toristic and, 
in certain cases, extremely 
offcotivo (see Fig. 11). 

All the instruments of this 
family (like the flutes) yield the 
octavo by overblowing. By 
this dovk^e, therefore, combined 
with suitable fingering, the 
higher octavos are obtained. 

§ (30) The Ch^ARiNKT. — This 
instruiticnt is very special from 
the scientilic stan(ipoiiit and 
justly i)rizod by musicians for 
its fine tone. It is j)layed with 
a single IxMiting-nsid of cano; 
the tubing is parallel, except 
for a small part near the 
moutlipicoe and the end which 
h^rms a ladl. Tlnis, since the 
rwd must cm unit as a closed 
end, the <darinet has the odd- 
numbered partials most pro- 
minent, although the even ones 
un> not tmtirely ahsemtr. It is 
this, togetlu^r with the spoeial 
helinviour of the hmuI in the 
mouth of a skilled performer, 
that giv(^fi the tone of the 
instnmnuit its quality so 
charaet eristic of the <*larinet. 
Further, it must bo notcul that 
the instrument (bcoauHO of its 
odd j)iirlials) overblows the 
turljtlt (instend of the ofd-ave, 
HH in the flute above). In 
other w'ords, since the strong 
partials have frequ(‘n<deH, as 
1, 3, r>, 7, ete., that of trii»Ie 
Cor Augliiis. fre({ucncy is the next note to 
the prinu^ and so is got by 
overblowing. And this nol<^ is the tw'elft'h 
of the ])rime in the musiejil method of re<^k<m- 
ing by counting th(' in>teH of the diatonic 
seaU^. Aeeonlingly, on th<^ clarinet a sufheient 
numlwr of holw and keys must be provided to 
give the chromatic scale over the interval t»f 
a twelfth from low ,E up to B, 'rhis requiww 
at least 19 hf*los and keys, but it has be(»n 
found pn^ferable t.o provide 7 holes and 13 
k(\vH. 'Phese art% as showti in Fig. 12, tlu^ 
lettem against ea<d» hole or key indicating the 
notes Hountlcd when t.he place in question is 


open and all else is closed hotweeu there and 
the reed. 

Since the fingering is somewhat complicated 
in the clarinet it is found i)roforablo to keep 
it within the limit of keys without more 
than two flats ov sharps in their signatures, 
at any rate for rapid ])assago8. This necessi- 
tates the provision of clarinets in various keys, 
those in ccjmmon use in the orchestra being 
in C!, in B^, and in A. I’hus, if a inoco of 
music required ])crf<)rm- 
ing in the key of Eh 
(throe flats in the signa- 
tui’o), by directing the 
use of the li\> clarinet 
the music would bo 
written in E (one flat 
only in tho signature). 

For tho lingering that 
produces E on tho 0 
clarinet will i>roduco Eh 
(a tone lower) on tho Bh 
clarinet, since the instru- 
ment itself is a tone 
lower by reason of its 
extra length of tubing. 

Again, if music in the 
key of E (four sharps in 
tho signature) were to 
bo ])lay(«l on tlu^ clari- 
net, tho music would ho 
W'ritten in CJ (one sharp 
in tho signature) and 
assigned to a clarinet in 
A. Then, sinet^ this 
instrument gives A for 
ilio note writt(m and 
lingenwl iis (\ it will give 
K for that writtem and 
fingered as 0. Of course 
th(' (! clarinet could be 
used for the fiv<^ lows 
Bh, h\ 0,(1, and 1); but 
the I$h clarinet would bo 
Ix'Uer for tho first of 
t.lies(s about (*q ually go(»d 
for the second, while 
tlie A clarinet would be 
iKd-ter for the last, liut 
apart from the ease of 
lingering which has jtist 
iwen alhulod to there is the distinetivo quality 
of tone of (*aoh instniment to Ix^ (considered. 
Thus tho C clarinet is in the upper parts some- 
what unsympathetic, while tho A clarinet 
is duller tlian tho Bh instrument, which is 
considered the richest and fullest in tone. 

It may be noted that tho clarinet is specially 
capable of the most delicate gradations of 
piano and pianmimo, Eurtiicr, in common 
with all the other reed instruments, the 
clarinet is heard at its b<wb in legato phrases, 
staccato playing on the reeds is inofTeetivo 




Fio. 12, 
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in rapid passages, as no double - tonguing 
is possible (as in the case with the flute). 

§ (37) The French Horn without Valves. 
— We now commence the notice of a class 
of instrument very important musically and 
of high scientific interest, namely, tile brass 
of the orchestra and other bands. All these 
have h 3 rperbolical pipes and cupped mouth- 
pieces, the human lips forming the very special 
double-reed. To produce any desired note, 
that is possible with the length of tube in use, 
the lips (at the right tension) are applied to 
the mouthpiece, the tongue is suddenly 
withdrawn from them and a sound like too 
articulated. This sound is steadied in pitch 
and much increased in power by the tube. 
Thus the blast of air is the exciter, the human 
lips and the tube together forming the vibrator. 
In the above respects all the brass instruments 
are alike. They differ, however, very widely 
in the mechanism for the scale, in compass, 
in power, and in many other details. 

All French horns have very long tubing 
coiled in a circular form and ending in a large 
bell, and are played with a long narrow taper- 
ing mouthpiece which favours the production 
of high notes of a soft quality of tone (see Fig. 
13). In playing, the right hand is placed 



Fig. 13.— French Horn without Valves, 


inside the bell to give the tone a slightly 
muffled or veiled quahty. The hand can 
also be changed somewhat in position so as 
to alter the pitch by various fractions of a 
tone, quarter-tone, semitone, three-quarters 
tone, etc. This changed position of the hand 
involves also a change in the degree of muffling. 

In common with all the other brass instru- 
ments French horns have the full series of 
partials. This is due to the fact that a cone 
closed at the vertex gives this full set, and 
that all the brass instruments are quasi- 


conical. The curvature is to correct for the 
bell and mouthpiece, etc. By a suitable 
pinch of the lips these different partials may 
be elicited in turn as th(^ open voles of the 
instrument, those which are lower than the 
note required being HU])proHHe<l. In this 
way the various possible frc(iuenci<‘H from 
1 to 16 may bo sounded. I'liese jiotes for n 
horn in 0 may bo represented in asc'cmding 
order as follows : 

LOJ c g ct e! {/' (//b) c" d" «" (/") i/" («('') (h"h) 

[11 2 8 4 6 (J r H \) til 11 12 lit 14 Ift ItJ. 

The notation here used is that at the to]) of 
Table VIT., p. (>00, giving the compass of the 
various instruments. Tlie first notc^ or pcdftl 
is shown in square braekc'ts and is v<‘ry 
seldom used musically. Indwal, it is not 
strictly in tune, but is sonunvlmt disi)la(‘ed 
in pitch in order to bring tlio other note's 
that are used into more exaet tuning. Again, 
the 7th, nth, 13th, au<i 14th notes are in 
round brackets to indie’ate that tiny 
not in exact tune with the not<*s shown by 
6l>, /, and a, nor indeed wdih any notes in 
the tempered scale in use. But, if instru- 
ment is a good one, the notes in (]nestion have 
the froquoncios shown by tlu' numberM 7, 
11, 13, and 14. It is seen that the serii's of 
open notes give some ajiproximation to a 
diatonic scale in the top (Xitave but not in 
the lower ones. In the original form of the 
horn (which is very ancient) no valves wen^ 
provided, and the fist had to be UHe<l to 
modify tho ojien notes if an approach 1o 
the ordinary scale were re<(uirt*d in jiarts of 
the compass where the oiuai nott's left large 
gaps. For this reason the h'reneh horn with* 
out valves is often calhal a hand -hum. But 
when tho instrument was uH<'d wit lnmt vnlv<*H 
there wore still gaps in tlu^ lovve-r parts of its 
comiiass wIktc the open not<«i a inuHi<*al 
fourth or fiftli aiiart, To meet this deficiency 
horns wore used in various kt'ys by the addition 
of coiled tubes, called near fh«' mouth- 

piece. Tho crooks wen^ of diffl'rent h'ngths, 
so as to put tho horn in A. Aw, ( J, 1*\ bJ, ICw, etc. 
Thus, by having some horns in om* key un<I 
some in another, a composi'r (‘ould get. alt 
tho notes he required. Sutdi crooks are still 
used on the French horns with vulvi*.-i, bc'catisc, 
by putting the horn in a suit abbs key, 
open notes are obtained. In order to tune 
the horn some jiarallel tubing is provides), 
of which one piec(^ like a u *'**<^1 dra^ui 
out at pleasure. This is called a tuning 
slide. When no valves were ustal thi* horn 
would have a charatdenstit^ of its own. 
owing to its scale limitation, apart, alto, 
gether from its special (piality of fotn*. 
The same thing is noticeable to-<iay in bugle 
calls and in fanfares on trumpets without the 
use of valves. 
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§ (38) Febncii Horn wmi Valves, — ^L ot 
tis now consider tho use of valves to comploto 
the oliromatic scale on a brass instrument. 
Such valves act by putting in use additional 
lengths of tubing and so flatten tho })itch (see 
Fig, 14). (This may be contrasted with the 
method of side openings on tho wood-wind 
instruments which shorten tho portion of 
tube in use and so sharpen tho pitch.) For 
tho French horn tho longest gap which it is 
necessary to bridge is that between the 
second and third oj)on notes c. and a musical 
fifth apart. Wo thus need six different 
lengths of tubing to derive, from tho ui)por 
note 17 , tho notes ft,, f, e, djf, d, and <*jf. Then, 
if this longest gaj) is bridged, all smaller gai)a 
are bridged also and with sometliing to spare. 
Further, tho valves will bo available to extend 
tho scale down from c, should that bo ro(iuirod. 
Tho six lengths of tubing needed are supplied 
by throe valves, of which tho middle or second 
valve adds sufiicdent length to <le press the 
pitch a semitone, tho first valve alone fiattons 
tho pitch a tone, while tho third valve alone 
flattens tho pitch about a tone and a half. 
Thou tho combinations, second and third, 
give a flattening of about two tones, tho first 
and third two-and-a-half, while all throe 


bo difficult to obtain and those below tlio 
bottom C shown in braces arc dinicult also.* 

It is easily soon from tho table below that 



in the higher parts of t.b<» cu)m])ass alternative 
fingerings arc^ possible. Tlu^so would bo 
indicated by writing notes in tho linens so as to 


Table VI II 

Scale on Fubnoii Horn in (? 


Klngoring and Notf^s. 


Order of 
Open Not(s 

In Use. 

Open 

0 . 

2 

1 

1(1 

(! 



15 

Itt] 



14 

Ilh 

A 

(}« 

12 

(1 

.K# 

F 

10 

M 

Dtt 


0 

1) 



R 

0 

hC 

1th 

fi 

({ 

K# 

V 

5 

M 

Dtl 

I> 

4 

0 

ita 

Ith 

It 

(t 

F# 

F 

2 

0 

{Hh 

Ith 


1 

2 

2 

1 

1 

2 

(or 3) 

3 

It 

3 





A 

;!. 



, , 




0# 




A 

(J» 



K 

l)jt 

I) 

Of 

A 

o9 

0 

Fit} 


tog<^th(^r llatUui the plt(di about three tones. 
It may not(«I that first and see.ond 
valves an^ generally together inHUnwl of 
the third alon(^. The use of tlm valves, and 
the notes prodiu^ed on a horn (or other valved 
instrument) in r, are shown in Table VIII., 
tog<4hor witli the order of tln^ ])artial or 
open nolo in use on tlie total length of 
tul)itig. 

Any notes above the top 0 shown would I 


fill up all th(^ blanks, taking eare to deseend 
a semitone in <^a(fii shift to the right. It 
may be uotieod also that two valv(5H (the first 
ami wwoiul) would give the (?hromatie sealo 
over the upper part of the e<»nipasfl. When 
a longer <'rook is fitted to tlu^ Freneh honi 

' On Uu* <’orm't niul some ot her vulved iimtrument-s 
no lfiglu*r1lmn the (•, whleh Ik tin* eighth open 
note, Is iiKuaHy »*inploy(sU Mils limit, behig indleatful 
by the doiUKl Uin‘. On the cornet, liowover, the low 
' notes In braJu^K are all readily ol)taineil. 
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each of the yalvos needs more tubing also. 
They are accordingly fitted with slides that 
are drawn out to suit. 

§ (39) Fa.ulty Intonation op Oedinary 
Valves. — Let us now inq[uire if the valves 
can be tuned so as to be strictly correct for 
nse alone and in combination. Suppose that 
only the eq^ual temperament is aimed at, so 
that the problem is simplified as far as 
possible. Even then the theoretical require- 
ments cannot be met by ordinary v^ves. 
Perhaps the simplest way to see this is to take 
some concrete case as follows : Let the first 
and third valves give the depression of a 
musical fourth correctly, ie. the length of the 
tubing is increased in the ratio 3 : 4. (The 
tempered intonation is practically equal to 
the just for this interval.) Then, if the 
second valve used alone depressed the pitch 
by an equal-tempered semitone, it will need 
to be ^ of its previous length to depress it a 
semitone when used along with the other 
two valves. If therefore the second valve 
is not altered when in combination with 
the others it will depress the pitch, by -I- 
of a semitone only ; thus leaving the note 
in question one- fourth of a semitone shar^. 
Henoe, with three ordiiary valves, some 
compromise is inevitable. Thus, as exactness 
throughout the compass is impossible it has 
to be considered on what notes mistuning 
will be least objectionable. A glance at 
Table VIII., § (38), shows that the first and 
second valves are more used than the third, 
which is scarcely needed in the upper range. 
Also the three valves together are needed 
only for one or two notes near the bottom of 
the compass, Purther, it must be remarked 
that the resonance of the instruments under 
consideration is much more spread in the 
lower part of the compass than in the upper. 
That is to say, it is quite easy to blow the 
lower notes a httle sharper or flatter than their 
natural pitches, hut diflacult to do so with 
the upper notes. Indeed, other things being 
equal, the diflfioulty of blowing a note sharper 
or fliatter than its true pitch is proportional 
to its frequency.^ All these considerations 
point to the desirability of keeping the first 
and second valves, used alone or in combina- 
tion, as true as possible and allowing errors to 
accumulate on the combination of all three. 
But to minimise the sharpness in this last 
case the third valve slide may be made fairly 
long. Let us now illustrate this by a numerical 
example. Suppose some comet has an ap- 
proximate length of 50 inches of tubing from 
mouthpiece to bell when no valves are in use, 
and, for simplicity, let us ignore any modifica- 
tions in lengths that may arise from, the fact 
that through the valves the tubing is parallel 
hut is tapering both before and after, then 
^ See PM. Mag., July 1913. 


the lengths to the nearest tenth of an inch 
required for the various notes in equal 
temperament are as shown in Table IX. 

It is to be noted that the nominal note (J is 
really the open note natural to the instru- 
ment. Next below arc given the lengths 
that might be added by the ordinary valves, 
the total lengths of tubing so obtained, and 
the errors in length and in fractions of a 
semitone. It is seen that the Ojf and Etf are 
about a quarter of a semitone sharp, and 
that the Djf and Grj{ are about one- seventh 
of a semitone flat. Also if the third valve 
be used instead of the combination of cno and 
two, we have the E and A about a quarter of 
a semitone flat. 

§ (40) Equal Tempbramiiint with Special 
Valves. — let us now notice the principle of 
certain special valves with which it is i)()Hsible 
to attain equal temperament. This improve- 
ment has been introduced by two firms, the 
details of construction being different. In 
each case, however, the main £)rinoiple is the 
same, viz. that when the third valve is used 
in combination with cither of the others (or 
both of them) some length of tubing 

shall come into use over that in use with the* 
first and second valves alone or togethop. 
The effects of this arrangomont arc shown in 
the lower part of Table IX., by which it is 
seen that the lengths shown for the first and 
second valves are greater when the third is in 
use than when it is not. The results are seen 
to be errors so slight as to bo ■|>raoti(sally' 
negligible. Hence, musictally speaking, the 
instrument is true to the equally tempered 
chromatic scale throughout, provided the 
open notes are so tuned. Messrs, UooHoy & 
Co., of London, obtain this advantage l)y 
arranging that certain extra cuunpensating 
knuckles of tubing shall <u>mo into use in 
connection with the first and second valves 
when, and when only, the third valve is de« 
pressed. TJiey called their device “ eornpeii- 
sating pistons.” 

Messrs- Besson & Oo., Ltd,, of London, 
have a pair of separate knucdiles of tubing for 
the first valve, and a j)air for the H<»cond also. 
One of each pair is <!all©d the ^harl slhU* and 
comes into play when that valve is usimJ 
without the third valve. The other of <^a<ih 
pair is the hng slide and conuw into jdny only 
when the third valve is depressed as well ne 
the valve in question. The arrangcuncmt of 
those pairs of slides (long and short below 
md above) is clearly seen from Fi{f. 15, sh ow- 
ing one of Besson’s comets with thoir " (sn- 
harmonic ” valves. Each of the llvc^ valve 
slides may be drawn for timing so as to reaidi 
the best adjustment. It seemed deHirable to 
show these valves at the outset in oonneotiou 
with the cornet, but it must be remarked 
that their use is more desirable in the 
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Table IX ■ 


Valves ©"N Cornet 


Tnio totiil lengths 
needed for equal 
temperament 

Lower notes on 
instnimcnt 

1 Inches. 

J 50 

Inchos. 

63-0 

Inches. 

6C-1 

Inches. 

59 -5 

Inches. 

G3-0 

Inches. 

66-7 

Inches. 

70-7 

1 0 

Ft 

Btl 

F 

li'j 

E 

A 

1)# 

a# 

D 

G 

c# 

F* 

Ordiiiarv Valves. 

Valves 2 

and the 
lengths 1 

added 3 

1 

. 


3-2 

6-3 

3-2 

and 

0*3 

(10-3) 

3-2 

10-3 

C-3 

10-3 

3-2 

6-3 

10-3 

U’otal lengths 
obtained 

\ 50 

f 

53-2 

50-3 

59-5 

((iO.3) 

63-5 

G(l-(} 

C9-8 

Errors in 
huigth 

. 


-fO-2 

•hO-2 

0 

( -|-<)-8) 

4-0-5 

4-0-1 

-0-9 

Errors in frac- 
tions of a 
sc‘mitono 

1 

i/ir> 

1/16 

0 

(l/4b) 

1/71? 

1/37 

0-23|t 

1 Special Valves. 

2 

X^alves 
and the 
lengths 
addoil ^ 

1 

J 


3-ir» 

0-26 

3-15 

and 

6*25 

or 

94 

3-75 

94 

74 

04 

3-76 

7-4 

9-4 

Total lengtliH 
obtained 

. 

• 60 

53-16 

56*25 

60-4 

63-15 

GO -8 

70-66 

Errors in 
length 



4-0-16 

+•0-15 

-0-1 

+0-16 

-hO-l 

-016 

Krnirs in fnio- 
tion of a 
somite )n{3 

i 

J 

0 

1/20 

1/20 

1/34 

1/23 b 

1/37 

1/27# 



15.- Cornet wit h Hpeelal Vulvr'-H. 

(Miphoiiion luid hombnrdoii. ^Ph('Ho will bo 
tleult. with Inter. Tho mucrh jfroator riiasHOH of 


air ill thoso basB instrunionts malce it much 
harder for tho porfonuor to corroot any faulty 
intonation, by blowing so as to foroo tho 
notoH in tniio. Wheroas, with smallor instru- 
niCiUtH like tho oornot nnd ti'uinpot, profoasional 
playcM’H ofion (lisdain all c.o in plications, siuco 
they arci ho oxpoit at forcing onoh note into 
buno. 

5 i( 41 ) The Baoii Tritmpet.— T his trumpet 
is <iuito Ht.raight and allows tho light to pass 
through it. when tho valvos aro not dopressod. 
It is usually mtw'io in and D, tho change 
boitig mnelo l>y using the or tho D middlo 
|)i(W(^ h(^two(Hi tho vnlvoH and the boll. (See 
/V</. 1(1.) 

Ah in tho (^nno of tho Trench horn, this 
truTUfiot is made with two or throe valves 
a(M:or(ling to the munuud paBsagos for which it 
is re(|uired. Thiirt in Kauclorn .Messiah^ for 
tho trurnpot. obbligato in **'Tho trumpet shall 
Hound,” the solo player generally usofi an 
instruincnt with two valves only, the third 
valve not heung r<M|uired. Indeed this part 
was oiiginally written for a valvoloss trumpet 
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of double length and therefore an octave lower. 
Then the high F and F# had to be blown into 
tune from the eleventh open note, which 
really lies between them in 
pitch. This trumpet has a 
tone of great nobility and 
brilliance, but yet is sus- 
ceptible of piano passages 
and is then comparatively 
mellow. It reaches easily 
the highest notes allotted to 
the orchestral brass. It is 
tuned by the particular 
setting of the middle piece 
between the valve portion 
and the boll, a certain 


i 

Fig. 16. Fig. 17. 

Bach Trumpet. Trumpet in Bb and A. 

latitude being available at each end. To 
put the instrument in the low pitch (or “ new 
Philharmonic ”) a small hit of tubing about 
an inch and a quarter long is inserted next 
to the mouthpiece. The valve slides are all 
drawn the correct distances when this bit is 
in use or when the trumpet is put in D. 

§ (42) Teumpbts in Bb, F, eto.— The trum- 
pets in ordinary use have the tubing coiled 
up in the fashion so familiar and as shown 
in Fig, 17. This model changes easily from 
Bb to Atl by drawing the slide as indicated 
lightly at the right. This kind of trumpet 
is now made in C also and is much in use in 
orchestras. Fig. 18 shows the symphony 
trumpet in 0 with rapid rotating change to 
Blp made by C. G. Conn, Ltd., of Elkhart. 





IH. 

TrumiKt In (! and 


Trumpets in F and Eb the sumo niotlol 
as the above, but without any rapid chtinpic, 
aro often used in orches- 
tras for the lower 
trumpet parts. They 
can bo set to Eb by the 
insertion of a crook as 
shown in Fig. 10. 

Trumpets in l^b 
also made without 
valves for fanfares, otc. 

Their scale is then re- 
stricted to the notes of 
the harmonic series of 
relative frequencies |1], 

2, 3, 4, 5, 6, [71/8. 

The first and seventh 
notes are not generally 
used. (See Fig. 35, 

§ (52) (vi.).) Bugles in 
Bb are similar as to 
the absence of valves 
and consequent resti^ic- 
tion of scale, but arc 
more gently taj)cring 
from the bell and so 
have a mellower, U^ss 
brilliant tone. (Rco 
Fig. 34, § (52) (vi.).) 

§ (43) Trombones. — Wo now conKidor a 
family of brass instmnienis in which no 
restriction is placed 
on the intonation 
possible. Thus it 
may be equal tem- 
perament or just any- 
thing that is wished 
and the performer has 
the skill to attain. 

This is owing to the 
fact that the mechan- 
ism for the scales 
consists of a U-HUd(^ 
which may b<^ drawn 
out so as to flatten 
tho pitch continu- 
ously by any dosired 
amount to six Hcmi- 
tones. When the 
slide is closed it is 
said to bo in tho first 
position. By extend- 
ing it to the BOcsond 
position tho pitch is 
flattened a semitone, 
on reaching tho third 
position tho jutch is 
a whole tone lower, 
and so on to tho full 
extension of tho slide, „ JP- , 

which is tho seventh 

position and invt)lv(^s a flatteuiing of nix 
semitones. On oom])aring ibis nrrang(‘'- 
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mont with tho systoni of tliroo valves it is ciont to flatten the i^itch three tones. The 
seen that tho first positioii of tlio slitlo corro- part of tliis length in use varies from nothing 
sponds to tho ()])on notes on tho valvod to the full amount. But in tho slide tronihono 
instrument, tho second ])oaiti()n to tlio dopros- an additional length of parallel tubing suffi- 
sion of tho second viilvo alone, the third ciont to flatten tho pitch three tones must 
]'>osition to tho iiso of the first valve alone, ho drawn out for the seventh position, and 
and so on, tho seventh ])ositioTi corro«])oading the same length of parallel portion must he 
to tho use of all three valves in combination, present for the slide to close upon into the 
The full coin])ariBon may bo shown thus : first position. Hence in tho slide trombone the 

length of parallel tubing provided is double 
rc(|uirod for three tones, the amount in use 
varying from tho half to all of it. Again, in 
in-| o 1 8 4 f) tones tronihono wo have a slight 

^ * change of diameter inovitahlo on passing 

OorvespondiiJKO o 2 1 ^ 1 ?. from tho parallel fixed portions to the 

valv(‘8 S y 8 » jj inovahlo poitions of tubing wliich slide 

■U])on thorn. To ininimiso complications and 
Slide troinbonos aio made of various pitches avoid a “break” upon coitain notes this 
oallc<l alto, tonor, and baas tr<)ml)oueH; those difloronce of diameters must be as small as 
are in h]h» and (jI possible. 

respoctivoly. A tenor Tho trombones are capable of groat power 
trombono is shown in and have a ricjh an<l brilliant tone. In tho 
Fiff. 20. At tho top end hands of sympathetic p)erfonnors they are also 
is seem tho tuning slide, capable of ^pianiamtio 
and it may bo noticorl oHocts of grejit beauty 

that its plane is at right and value. Tho somewhat 

angles to that of the tiiusouth moohanism for 

long slide usc^d for tho tho scah^ forbids their use 

Hoalo, which oxtonds in (piiok florid passage^s, 
dewnwartlH from the OH[>ecially in the lower 
mouthpieoo. This sot- jjaits of tlio scab whoro 

ting of tho two bonds at tho oxtromo i>oHitionB of 

right angles is a poculi- tho slide are noodod. 

arity of slide troinh<>n<^8. They shine rather in slow 

and <liHtiugiiiHhes them movemonbs of a certain 

from all othc^r instru- stately grandeur. It may 

rnmtfi, in whk^h tho coil- ho notic^cd in conolusion 

ing of tho tubing is that tho possession of tho 
almost f>arall(d to om^ .slide conforn the ])<)Wor to 
plane. Although th<^ produce tho grace called 
fliido of the trombone portanmilo^ or the tum- 
allowH of perfcict intona- tinnouB gliding of tho 

tion, it ealls for addr- pitch from one note to 

tional skill <m the part another. 'This power in 
of the perforimu' to talu^ its eompleto fulness is 
all the iHtsitioiis with otlwwvviso [iossesw^d only 
r<m<lini'Hrt and right ad- by tho irislrunictntH of 
jnstuKuitr. Furtlmr, it the violin family and by 
enlls for grciat oartt the human voice, 
the part of the makers A slide trumpet is o(tca- 
a.s f(> the rigid, proper- sionally uhikI for oratoiios 
tinning of the taper and oth('r purpoHos. It Hllde Tmmpot, 
and curvature of the is very little (lifferent 
7’nii>rTr()udioiu‘in Ib. hnws from the tromboiu'i in essential qualities, so is 

instrument there i« meludcd h<ire (soe Fif/, 21). Jly tho use of 
much dinicidty in (d»taining a tube of such tTooks it <'an be put in various keys, 
shape as to give Uie hanuonUi series of open § (4^1) Valvko Jnhtuumunts <3K Brass 
riotes iix tune down to the second. This Band.- ■■ We now notieo the instruments which 
tiilliculty is enhanced whtnt the tap(*r is form a eomploto family of similar units and 
iidepruph"*! by a panillel portion to lu^t as a <MHiHtitute tlm brass han<l proper, to which 
tuning slide or a set of valves, N«)w in the may he adtlod trombones and trumpets. All 
caM(^ of the thr<*ct ordinary valves ihnre must the various (deinouts of this family have 
bo a U‘ugt.h (»f parallel tubing provided sufli- valvoH, usually three only, but flom© of th© 
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bass ones occasionally have four or even five 
valves. Beginning at th©' upper part of the 
oonapass and passing down to the bass, we 
have in order th© following chief instruments : 
El^ soprano, Bl^ comet, Eb tenor horn, Bb 


(The orchestral tuba in 0 is a note above the 
Bj? bombardon.) 

Of the main instruments, th© fii'st four, 
soprano, comet, tenor horn, and euphonion, 
may be compared to th© four varieties of 





Fio. 22. — Eb Soprano. 


Big. 23. — ^Bb Comet. Fio. 24. — Tenor Horn, 


euphonion, Eb hombardon, BBb monster bom- 
bardon. These are shown in Fi^s. 22 to 27. 
Others of secondary importance are Bb fluegel 
horn, same pitch as the comet ; Bb baritone, 
same pitch as the euphonion but of smaller 
tubing ; Bb bombardon, same pitch as BBb 



EiG. 25. — Euphonion. 


monster but of smaller tubing. Thus, glan- 
cing at the list, we see that the tenor horn 
is an octave below the soprano, while th© 
bombardon in Eb is an octave below th© 
tenor horn. Again the euphonion is an 
octave below the comet, while the Bb bom- 
bardon is an octave below the euphonion. 


human voice, soprano, contralto, tenor, and 
bass. The bombardons differ from tlie 
euphonion more in getting greater power on 



Eig. 20.-.h:i, Honihardon. 


the low notes than in going so much lower. 
This is due to th© fact that the euphonion 
is often provided with a fourth valve to enable 
it to take the full chromatic scale down to its 
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•peddL Bb. Tliis fourth valvo lowers the 
pitch about a musical fourth, so by it, in 
conjunction with the others, the player can 
bridge the gap of an octave between the 



Fig. 27.““BBb Monster Bombardon. 

second open note and the pedal or first of 
the same name. This dovico is occasionally 
applied, however, to the Ki? bombardon also. 
In either c.aBo tho lingering is as follows, the 
nok‘s being written (1 to <! m is usual for aixy 
valve xuHlriinKMits playing from tho treble 
elof : 


NoU^h in \ 
ontavc I 


Fln^rnrlng or ^ ,, 
four viilv(‘H / 


(\ n, IID. A. 


()#. U. K| F. K. 
1 

a 


« l .‘,13 
» » “ 4 .J 


In thes(^ bass itiHlrunionis tlu^ c.oinix'iiHaUMl 
[UHlonH or t^Uuirnionie valves arc spcM-ially 
iniportiuii. Kor t in* iimwM of air to be set in 
vil)rati<)U in Vi^ry mueb greater t-hnu in tlie ease 
of higher and Hiivailor inHlruiiu*nts. (loiiHe- 
(pK^ntly it is hardier for the |)lay<M' to ('lioit 
a full aiui powerful unb^Hs the n^sonaueei 
is at its best, luniauw' uo h>r<*ing tn a somewhat 
different pit eh is ne<‘(l(‘tl. It may also ho 
HtM^n that with uiU'omjM'riHHted valves tho 
deh^ot would he ompImiHiHi^tl by tb(^ ad<lttion 
of a fourth valv<^ to Iw uwkI with thetn down 
to t he pedal. 

Of the luHtrumentH now un<l<T nwiow, each 
liSH n Honu^what dilTeronl voi<'(» ntal ulU^ramu' 
{iiH well aHoompaHs), andeaoh ban its uppt fink'd 


place to fill. The comet is specially prized 
as a solo instrument, and next to it the 
euphonion, the two being roughly comparable 
to a contralto and a bass soloist. By the 
device of double- tonguing (borrowed origin- 
ally from the flautist) very rapid iterations 
on the comet are qmte eaay. Also the attack 
may be varied from one of almost ideal smooth- 
ness to the other extreme of declamatory 
abruptness, the tone very varied to match. 
Staccato and legato playing are equally easy, 
shakes and turns (though not quite so fine 
as on tho strings or wood- wind) can be readily 
executed, and just a slight suggestion of 
portamento is possible. A wide range of 
power from double forte to •pianissimo is at 
the disposal of the competent performer, 
either over a succession of detached notes 
or in tho crescendx) and decrescendo of a 
sustained note. Further, the grace called 
tremolo is i)ossible on the comet and may be 
easily indulged in too frooly. This embellish- 
mont appears to consist of an alternate wax- 
ing and waning of tho sound a few times per 
Bocond, produced by vibrating the instrument 
in the hand. But tho cornet may be and often 
is vulgarised, as it lends itself so easily to 
music that is frivolous and ephemeral. Most 
of tho above powers belong as well to the 
trumpet as to the comet, but the trumpet, 
having a more noble and brilliant tone (and 
often associated with wood-wind and strings), 
is usually reserved for loftier utterances and 
is oonoernod rather with the clash of hattle 
or tho pomp of regal appearances than with 
tho more commonplace occasions of life and 
tho sontimonts api)ropriato to them. 

(,Jomi)aring for a moment tho piano, organ, 
bowed strings, and wind instruments, we see 
that tho first lacks sustaining power, tho 
second lacks accent, while the rest have both. 

In compensation, tho first 
two arc hamiony in- 
atniinonts in tliornBolvos, 
while the rest are only 
inolodirs conijjononts of a 
<5^>nc^ortod harmony. 

§(45) Human — In many rospoots, 

to tho human voice must be conceded the 
higluwt pltuso iiriioiig - musical instruments. 
K(»r tlui vari<ity aixd depth of expression which 
(Niii be coucentrakul into a single note, it 
Htaiuls unrivalled. Though the oomptxBS of 
any one voice may ho loss than that of most 
iimtrunuuitpH, the four vanetics taken together 
rmig<^ over an<l ex(^(H*.<l the limits of the treble 
an<I bivHH staves, Among the women’s and 
nieirs voicM^H and tlu* boy sopranos we have 
also a delightful variety of tone qxiality and 
a|)titude for niusics of diHtiiiotly difforont 
oharack^rs- But the (hi(^f eharaetoristio of 
tluN hunuiri voh's is its uiiiciue power of so 
»«odi lying the quality of tho sustainod sounds 


I)f. I). (3|. (!-l>catil. 

‘-i ‘ I 

3 3 

4 


0 
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and so specialising their start and cessation 
as to give utterance to vowels and consonants. 
That is to say, the human voice alone can 
render the words as well as the music. I’or 
the vowels consist of a very special quality 
of sustained tone which may he called vowd 
quality. Of the consonants some are produced 
hy specially rapid and irregular vibrations 
preceding or following an intermediate vowel. 
Some other so-called consonants can he sus- 
tained as long as any recognised vowel and 
have scientifically the right to be classed as 
vowels. The letter s is a case in point. 

This is not the place to enter into any 
minute anatomical examination of the human 
organs of song and speech. A very cursory 
notice of a few salient features must suffice 
here. Adhering then to our usual subdivision 
of the essential parts of a musical instrument, 
we may, for the human voice, state briefly 
as follows. The exoiter is the breath from 
the lungs ma the windpipe. The vibrator of 
definite pitch is the pair of vocal cords (or 
ligaments), which form a partial obstruction 
across the larynx (or voice-box) and leave only 
the vocal chink or slit between them for the 
passage of air. The resonator is triple, consist- 
ing of the cavities of the pharynx (or upper 
part of the throat), the mouth, and the nose. 
These are modified hy the tonsils, the soft 
palate, the tongue, and the lips. The 
mechanism for the scale consists of the set 
of muscles which control the position, tension, 
and therefore also the vibrations of the 
vocal cords. The vocal cords in a state of 
rest are about three-quarters of an inch long 
in men, and about half an inch long in women. 
When producing a musical sound the vocal 
chink (or slit between the vocal cords) is 
alternately closed and opened at the required 
frequency, depending on the tension of the 
vocal cords, their length, mass, and loading. 
The air-blast is, in consequence, checked and 
allowed to pass alternately and at the right 
frequency. Thus the loudness and pitch of 
a note depend upon the amplitude of vibration 
and frequency of the vocal cords, and conse- 
quently upon the muscles which supply the 
blast and set the vocal cords in the precise 
state required. It may be remarked that the 
resonator, having soft walls, is unable to 
modify the pitch fixed by the vocal cords. 
Upon what does the quality of the tone depend ? 
Clearly, (a) upon the exact nature of the vibra- 
tions executed by the vocal cords and so 
impressed on the issuing air, and (fc) upon the 
resonant cavities which modify these vibra- 
tions, encouraging some partials and relatively 
discouraging others. That special quality 
which we recognise as constituting a given 
vowel appears to be due to the special favour- 
ing hy resonance of any partials near a given 
fixed pitchiWhatever the pitch of the prime maybe. 


Thus, the vowel ob, as in moon, is character- 
ised by the favouring of those partials whoso 
frequencies are near 175 per second. Accord- 
ingly, a musical note whose i^rimo was 87-5 
per second with a very loud second partial 
(175) would sound like do ; so also would a 
musical note whoso prime was 175 per second, 
if the prime itself woro very loud compared 
with any of the ui>per partials. It is easily 
seen that the cavities affecting the human 
voice may he set at will to respond to vanous 
iritches and thus givo uttoranco to the corre- 
sponding vowel. Further, if a given vowel is 
sung in notes of diffoi'ont pitches, then the 
setting of palate, tongue, and lips must ho 
■preserved unchanged to keep tlio same vowel 
(according to the above sta'boinont) while the 
vocal cords are altered to change the |)itch of 
the prime. And this is a matter of oxj)ori(mco, 
as any one may verify. 

§ (46) COMPAEISOK OF THE VOIOH WiTIt 
OTHEE Instruments. — Wo may now naturally 
compare the human voice with other musical 
instruments as to the power left to the per- 
former to control the ti[uality of tone produced 
and in other respects. 

In the case of the ])ian() the quality varies 
somewhat with loudness, but probably the 
performer has little or no control over it for 
any specified degree of loudnoss, though ho 
often imagines ho has. Indeed it sooins 
scarcely possible that ho should have such 
control. For the maker has settled the shajjo 
and quality of surface and mass of the hammer 
and the place on the string to bo stnu^k by it, 
also the sound-board and bridges ; and u])on 
all those the quality doi)ondH. What choice 
remains to the performer concoming an 
individual note played without use of ])otials ? 
The speed at which the haminc^r shall Htrike 
the string. This appears to the sole 
variable at tho diH])OHtd of th(^ performer, 
especially in tho case of pianos in which tho 
hammer is free from tho mo(dianism of tho 
action before it strikes. But of (‘oiirsn for 
each note struck tlu^re may 1)<‘. a clifTorent 
speed of striking in use and (lonsoquently 
a different quality of tonc^ idicitccl. l'*hutt 
an air or certain notes in it may be mado 
distinct from those of tho aeeonipHniment 
by a different degree of loudness and eon- 
sequent difforonco in quality of tone, and 
the power to produce this differtnK^c is at the 
instant disposal of tho ])orfoi'mer. 

In the organ it is tho maker again who has 
controlled the quality of tone iix the pifxiH 
of each stop. The performer has no power 
over that and can simply mix- as ho cliooses 
what is provided for him. But ewen so, what 
a vast field is placed at his disposal ! Whe^ro 
only ten stops arc available over a given 
compass, if aU wore suitable for tho purpose, 
no less than 1023 different combinations are 
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possible. (This is easily seen if Tve note that 
there are 10 ways of taking a single stop 
and 10 more for nine stops, 45 ways of taking 
two stops and 45 for eight stops, 120 ways for 
three stops and 120 for seven, 210 ways for 
four stops and 210 for six stops, 252 ways for 
live stops, and, finally, only 1 way of taking 
all ton.) Again, for twenty stops the number 
of combinations is 1,048,575, or 500 per week 
for about 42 years ! The varieties of tone 
quality at the clisi) 0 Ral of the organist are, 
however, available only for broad effects, and 
not for single notes as in the case of the 
pianist- 

In the case of the violin nuieh has boon 
done by the maker and the ago and ripening 
of tho instrument, but very inucdi is still loft 
to the ])erfornicr. Ho may re-set tho sound- 
I)ost to his liking, ho may choose Iris strings 
to suit tho particular in- 
sfcrumont, also his bow, 
and take care that it is 
well haired an<l j)r()porly 
roainod. He may often 
choose upon which string 
a ccx'tain passage shall 
bo taken. Ho must 
always choose tho place 
of ho-wing, the pressure 
and tho speed, and can 
vary these at will for 

each string, for every 

stop upon it, and for 
every instant while tho Ij 

note lasts. And all Ij 

these variables aflect tho 
quality of the tone. ‘ 

In the case of the 

wood -wind there is tho 


it trolled at tho very seat of its production, 
•p where tho breath passes hetween the vocal 
ig cords, hut tho resonant cavities which modify 
>r tho original vibrations are all under control 
)r also. Hence the final resulting quality may 
ir be varied from instant to instant so as to 
ig render tones expressive of triumph, menace, or 
3r entreaty, or passing from artless gaiety to 
ik pathetic wailing. 

le § (47) Deutus. — A s is well known, tho exciter 
0 , of a drum is the drumstick, the vibrator is 
id tho circular membrane called tho drumhead 
io or skin, the resonator is the chamber between 
the two drumheads, or, in the case of kettle- 
jn drums, the apace below the single head. In 
ig the cuiso of ordinary drums, bass or side, there 
ft is aucili a jumble of sounds i)roducod that it 
1- is extremely difficult to assign any definite 
Ts ]>roponderating pitch to tho resulting effect. 

In tho case of kettle* 

f drums it is quite i)()ssiblo 
for the trained ear to 
detect the i)reponderat* 
ing pitch and to tune 
tho drums to the note 

Is shown an orchestral 
kettledrum in which tho 
T-shapod tuning handles 
are clearly soon. It is 
customary to have three 
kettledrums in an 
orchestra, all under the 
charge of a single drum- 
mer. Tho drumsticks 

or have fedt heads, or 
have heads of cork 
■ ^i^ottlcdriuu* covered with chamois 


right a])plioati<)n of tho 

]>laycr’H lips to the llutc, or to tho ivtcd of tho 

oboe or <-larincit, aiul tho appropriate ])r(^»Huro 

ami air supply. An<l Uk^ho variahh'H must bo 

changf(Hl ill concertt fi>r th(* <lin't‘r<nri. notes 

and for every varkiy of light. an<l shadt* on 

ench. 

On t-bo l)raHs insstruinenls is the rigid. 

a|)pU<ui tion and t <»nsion < *f Ibe lips to tlu*. niouth- 
pi(‘<M\ aii<l tlu' ('orr('Hp<»ndiug HuitahU' pn^sHun* 
of air’ nn<l Hp('o<l of .supply to he. arrangcsl and 
main fa in (‘(I for oaoli note of th(*s<'nlo uinl <*iieh 
<lcgrt*c of loudn<‘Hs or d(‘li<'uey with which it is 
prinluri'd, 

Huf., iiipluyiiignll the for<‘goin^^ inwtrunK'triH, 
is no poHsilrility open i*) the performer 
of apprceiahly varying th<‘ ehiinieter of tho 
roMonnneo arpnng*‘nn*iitH iij)pli<‘able to eiieh 
note. That. huH hiMUi solthal Ixforehaiid hy 
tin* maker of tlu* instruiiK'nt. 

In tlu'se rcHpeel.^ th<* hninim voum* lum attlu* 
coinmmid the singer resourecH ind idTered 
by nny imiHiJ'al instrument fashioned liy ituin. 
For not only e;in the huniau voiec he eon- 


leathor. BorUoy. ox* 
promod a jircft^roue-c for druiUHtinks with their 
lioadH c.<>v<ii’i‘,d w’it.h Hpongo, 

§ (4H) I..ATi':uAi. VimuTioNS oio Bahh and 
Tuukh. — I f a thin unifonn bar of uu'ital, glass, 
or \voo<l iH supporlctd at two plac.CB rather 
uiorci t.luin a llftk of its length from its oiuIh, 
and then Hl.riieU or otheii'wiso ox(uW, it will 
ilH slowi'Ht. lat.oral vibrations and 
sound its <M>rres])oii<ling fumlamontal note. 
()th(*r high(*r iiotoB a-ref possible to the bar if 
HuiijMU’tnd at. t.w<) of the ])laco8 which arc 
no<l(*H for those Iriglior flouiids. If the funda- 
ni(*iit.al for smdi ii bar be tho note r, thou 
I t he first. f<av of t.lm S(‘riefl are approximately 
I I^xpu^HHod more nocurately 

hy their relative fro<pienoioH those would ho 
I 1, 2’ 750, 5404, HdlBIh an<l 1B';145 respectively. 

! It is H(‘(*n that ili<^ possibh* j)artialH of this sot 
I rise in piUOi much (juieker than theme of 
; HtriugH. opint {>arnllel pip(‘H, an<l opcui-endcd 
i eoiU'S ebmed at. their V(*rli(*es. Ituleed, except 
I for tlu* Ht‘<'on<i partial, they rise (piieker evm 
i ilmii those for a stopped parallel pipe, which 
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tas the series 1, 3, 6, 7, etc. The 
sounds of these bars afford a good example 
of inharmonio partials, i.e. those whose 
freq[uenoies are inexpressible by small whole 
numbers. 

Sets of bars supported so as to emit their 
fundamentals when excited, and arranged 
to give the chromatic scale over about two 
octaves, are used occasionally in orchestras 
under the name of glocheiis^id (chime). The 
bars are struck by little mallets or strikers 



Fia. 29,— Glockenspiel, 


prime is much fuller when the fork is mounted 
on a suitable resonance box. 

§ (50) Bells. — As we have already soon, 
the musical string, whether of catgut or metal, 
is very simple in its behaviour and yields the 
full series of harmonic partials. A membrane, 
though flexible like the string, is two- 
dimensional, having length nufl breadth 
instead of being alnioHt conlincd to length 
only like the string. Honce its vibrations 
are much more comjdicatocl than those of a 
string. VVe may approach the vibrations of a 
beh by way of those of a st^raight bar, which 
we have seen consist of a set of inharmtmio 
partials. When the straight bar is roj)lac‘.e(l 
hy a bent one in the form of a fork with 
special mass and shank at the bead, the vibra- 
tions are still more complioaiod. if wo now 
pass to the case of a boll, whoso sides are like 
a number of prongs all united iixto one of 
circular form, wo have far more complication 
still, even if the sides and toj) wore uniformly 
thin. If the top and the dilTercnt levels of the 
side have all varieties of thic'kiioHS, then the 
state of things is quite beyond rigorous 
mathematical treatment. Wo can only doxivo 


(see Fig. 29). Bars with both ends free, as 
here dealt with, are often called free -free 
bars. 

Instead of bars laid horizontally and sup- 
ported at two points, tubes (or bars) may 
be hung vertically and struck with a mallet 
or beater (padded or bare) and so imitate 
bells to some extent. They are usually made 
in octave sets of 8 tuned to the diatonic scale, 
or 13 tuned to the chromatic scale, (See 
Fig. 30.) On referring to §(60) it will be 
seen that the q^uality of tone of a church bell 
is different from that of a plain bar or tube, 
since its partials form a ^stinctly different 
series. 

^ § (4:9) Ttrifoo Forks.— A s a standard of 
pitch for ready reference a tuning fork is very 
convenient as it has no need of supports at 
special places like a free-free bar. Bach prong 
of the fork is very like what is called e, fixed-free 
bar, being practically fixed in the massive 
part near the shank where the prongs unite, 
but free at the other end. A single fixed-free 
bar would be very unsuitable as a standard 
vibrator since it would be unbalanced and 
therefore need a very massive base to fix one 
md. The tuning fork always vibrates with 
its prongs both out or both in together, and so 
balances itself and conseq^uently needs very 
little support. It should be noted that a fork 
lightly and carefully bowed at or near the 
ends^ of the prongs emits practically its prime 
partial only. Its second partial is very high, 
having about 6*6 times the freq^uency of the 
prime. This is obtained when a fork is struck 
on a bare table or other hard surface. The 


Via. ao.— Tubular C'hliucH. 



some guidance and light from n combination 
of theoretical spociulation and e.x|K'ri mental 
tests. Thus wo might oxjxHit the 1x11 to ah<vw 
nodal m&ridioLne, or linos where mi *ixial piano 
outs the surface, and along wliitdi tlioro ia no 
radial displacement, Aguiu, wi'i might oxp(K!t 
there would bo nodal circk^H \vh<‘re plant‘8 
perpendicular to the axis owl the »iirfn(?o. 
Both these surniises arc vorifiod by experi- 
mental tests. It should l)o notcMl that a 
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node for radial motion may be an antinode 
for tangential motion. Bell-founders recognise 
five chief tones or partials in the sound of a 
church, boll. Beginning from the highest these 
are called the nominal, q[uint (or fifth), tierce 
(or third), fundamental, and hum -note. The 
nominal, fundamental, and hum-note are 
spaced about an octave apart. The other two 
approximately fill in the fifth and ?n.mor-third 
in the upper octavo. At one time none of the 
five were in any exact relation that could bo 
expressed by small whole numbers, i.e. all 
the partials were inharmonic. But, by tui’ning 
or horing at certain regions of the bell, it was 
afterwards found possible to got the three 
main notes in the true octave relation or nearly 
so, It has now been asserted that one firm of 
bell-foundors is able to tune each of the five 
tones of a church Jbeil true to a single vibration 
per second. 

§ (51) Foa-TtoRiTS. — Kor the warning and 
guidance of mariners fog-horns are erected 
on capes and other important points, and servo 
the same purxJose during a fog that a light- 
house servos during the night. Small ones 
may bo worked by hand j)o\ver, but largo ones 
aro driven mechanically by an engine or motor 
of some kind. The j)assago of air in the throat 
of the apparatus may bo alternately inter- 
rux)tcd and freed by a revolving disc or 
cylinder with holes or slots which pass similar 
openings in a oorrospondiiig fixed plate or 
cylinder. Such an arrangement is called a 
siren. The sound thus oiiginatod is roinforood 
and directed to its objective by a large horn. 
This may bo twenty feet long and taper from 
a fow ' inches diameter at the throat to five 
or six feet aorosH at the mouth of the boll. 
If (as is uHual) wound is rociuirod to spread 
()v<T a larg(^ <liHUui(u’! hoii'/ontally and a loss 
dirttaiKH^ vcrlit^ally, Ui(‘n the mouth of the boll 
is TUU(1(' (dliplic'ul with Uio major axis voitical 
an<l the minor axis horiy.onial. b\>r the less 
any diani<‘t('r of the hell w tlu^ hoth'r d<)(‘H 
tho Sound spreiul in th<‘ (linudioiiH of that 
(liamet<‘r. This is an exam phi of t he 
tion of sound, a idu'uonu'nou more frocpieiitly 
met with ami sludUvl in e()imo<'tiou with 
light. 

KiiKgnKNC'n';.s of Sounu Phoduckuh 
ciAiiOur^Al’Kl). We now notice how th(* fni- 
(luoncy of a simple sound produec^r may be 
calcuhittid s»» that nrraiig(‘in<‘nt« may bo 
made accordingly in any actual caso, 

(i.) AStntujH, -In tlui eaw^d strings 
transversely we may noh^ firnt that th<* spcM'd* 

* HometlmoH Kurprbo is *‘xi>reKMPd that Mutflelont 
rari«e <*an ho ohtjiliu**! with so small ii throat. No 
su(*li (lillldult.y necil hr felt- when It Is fiMiif*niber«‘«l 
tliat tho moiitlu)lr(*<‘ of a rornH narrows to om-tlttli 
of an itieli In dlanu'ter and that Its sotmdK may lx* 
heard with ease half a mile uwav. 

“See Vlhrntlons of”; also ItaylelKh, 

1. elm|). vl, 


of propagation of such a disturbance is given 
hy v= where F is the stretching 

force in dynamic units and m is the mass of 
the string per unit length. Thus, if we want 
V in cm. per sec., we should take F in dynes 
and m in gm. per cm. If, on the other 
hand, F is expressed in poundals and m in 
pounds per foot, v will be obtained in feet 
per sec. 

Suppose now a harp string bo plucked near 
one end, then the disturbance passes along to 
the fa,r end, is there reflected with a reversal 
of the displacement, comes back to the end 
whore it first occurred, and is there a second 
time reflected with a reversal. Hence after 
passing over twice the length of the string 
tho original state of things is almost repeated. 
Thus, the time in q[uestion must bo the period 
of vibration. Or the reciprocal of that must 
bo the frequency of tho string. But this will 
be the number of double traverses accom- 
plished in one second, and therefore equal to 
the speed of propagation divided by twice tho 
length of tho string. Thus, for tho frequency 
of tho fundamental (or prime) of the string, we 
have the expression 


2L " 


. ( 1 ) 


where Nj is tho frequency of tho prime for a 
string of length L. The violin family falls 
under this class. So the pitch is raised by 
stopiflng a string on tho finger-board and 
thereby shortening its vibrating length. 

For tho other possible i)artialB of tho string, 
we imagine it vxhratiixg in two segments 
with a node at tho middle, in throo segments 
•with two nodes at tho points of trifloction, 
and BO forth. Thus tho virtual lengths for 
thoHo become half, third, and so forth of tho 
whole length. Hcnco tho upper partials have 
fixHiuonoicH (loublp, treble, etc., that of tho 
])i’iiuc. ( )r 

• • (2) 

when*! N-i is Iho fnapioucy of tho sow )ud partial, 
ot-o. On this principle aro obtained 

(HI th<i harp, violin, etc. 

(ii.) Opv.n I*if)csr The oase for parallel 
pipes open at both tmcls is voiy similar to that 
of HiringH. We aro ooiuu^nuKl with the speed 
of propagation in tho air' or oihor goH filling 
th(' pipe, and with Urn ruunber of travorsoH of 
it-H huigth h b(‘f(>rc tlm tirigimil state of things 
is approximately nqitiated. (Seo § (JIB) (i.),) 
Thus, for the open pipe, since at each end a 
eompn'Hsion is roflcMiti'd <is a rarefaction nncl 
vice I'crnti, I, wo travcrH<^s complete the oyedo 
and eoiiMlitutc the period. < )r ilm friMpuMicy 
I of the prime is the Hp<‘<Ml divided hy tho 

* Set! *' VlhrntlonH of Air In a Tulx*.'^ 



720 


SOUND 


double length of the pipe. Hence we may 
write 

^ J(k-p/D)_Vo^il + ft7273 )) ,3. 

' 2L" “ 2L ’ 


where Ni is the frequency of the prime, L 
the length of the pipe, v the speed of sound 
in the gas, P and D its pressure and density at 
temperature t° C, h the ratio of its specific 
heats, and the speed of sound in the gas 
at 0° C. 

By subdivision of the pipe into segments 
we see that quicker vibrations can occur, 
and that the conditions for these segments 
are (a) antinodes at ends, with ( 6 ) freedom to 
have either nodes or antinodes at other places 
in the pipe. Hence the pipe may subdivide 
in 2 , 3, 4, etc., segments, (See Fig. 5, § (33).) 
Thus we have for the frequencies Ng, Ng, N 4 , 
etc., of the upper partials 


Ni = 


]sr 2 __N 3 _ 

2 “3 “ 



• (4) 


(iii.) Corrections jor Mouth and Open End . — 
We have hitherto supposed that the reflection 
occurs exactly at the end of the pipe. In 
reality there is an end correction needed,^ as 
though the pipe were a little longer, or as 
though the vibrations extended a little beyond 
the end before reflection occurred. Tor a 
cylindrical pipe without any flange this 
correction is three-tenths of the diameter. 
Further, if the fully open end needs a correc- 
tion, as though it were not open enough, 
much more must there be a correction for the 
mouth, which is far less open. This correction 
is of the order 1*36 times the diameter. Thus 
the two together make about five-thirds the 
diameter. Hence, if we denote by e and m 
the end and mouth correction respectively, 
(3) and (4) may be rewritten thus. 


2{L + m + e) 


( 5 ) 


etc 

JNx- 2 - g - ^ , etc. 


( 6 ) 


The flute falls under this category. So the 
pitch is raised by opening a side hole and 
thereby shortening the vibrating length in 
use. But it is noteworthy that the end 
correction e will be much greater for a side 
hole than for the open end of the flute. And 
the smaller the hole the greater the correction. 

(iv.) Stopped Pipes . — As previously shown 
(see § (33) (ii.)) the disturbance passes four 
lengths of a stopped pipe before the original 
state of things is repeated. Hence for the 
frequency of the prime we may write 


^ _^o^y(l + (f7273) ) 


• ( 7 ) 


» See Rayleigh, Sound, ii. 201 ; also ibid. chap. xii. 


where Vq is tho speed of sound in the gas at 
0*^ C., t is tho temperature of tho gas in tho 
pipe, L is its length, and ?n tho correction for 
the mouth. 

Further, as we have soon (§ (33) (ii.)) that 
the second partial has throe times tho f rc(^ucn(^y 
of tho first, the third partial five tiiiuis the 
prime frequency and so on, wo have 




Na 

3 


5 7 ’ 


Ot(f. 


(«) 


The clarinet falls approximately uruhT this 
category, hence its sj)ccial tone quality and its 
overblowing tho twelfth. It is also seen that 
the opening of its side ^ ^ , 

holes shortens tne Partial vertex Partial 
vibrating length and so 
raises tho pitch. 

(v.) Conical Pipes . — 

Let us now consider 
the case of a conical 
pipe closed at tho vortex 
and open at tho base. 

Then it is found that 
there is an antinodt^ at 
the open end and that 
the other antinodes 
occur equidistantly just 
as if tho whole pipe 
Wei'S parallel and oi)cn 
at both ends. Tho 
nodos, on the other 
hand, are displaced to- 
wards the aj)ox from 
the intervening c(pri- 
distant positions they 
would occupy in a 
parallel pi] )o. Moroo vor, 
those antinodes ni^ar 
the open end arc dis- 
placed a little, the 
others more and more 
till the last is always 
displaced right up to 
the vertex. (See Fig. 

31.) Thus, with due 
correction for tho opem end, the posHihle 
frequencies for this conicjal pijx^ given by 

®o^/(M-(^727:^)) N, N„ N„ 

2 (L + p) 2 :$ 


)!L- 

i 

1 

1 

1 

1 

i 

x 

1 




X 
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0 

X 

X 

0 
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0 

* I* * ‘ 

X 

0 


Nx = 


Opt*n 
MuutU 

Fit}. :U, (Nnileul Pipe. 


7 t‘(e., (il) 


where Ni, Ng, otc., ar(>> fnsineneif*H of prime 
and partial, is speed of souml in tlu‘ gas in 
use at 0° 0., L is tho actual hmgth of the pii><» 
in use, and e tho end corn ^ef. ion. In the 
figure the antinodos are shown by eirt'les, 
the nodes by crosses, and thtdr undiKiilaml 
position by dots. Tho pi])e is shown K[K*aking 
its third and its sixth partials. 

This case includes (ai)])r(}ximat(‘ly) the 
oboe and bassoon. It should he oimerved 
again that the end corroetion c will he miurh 
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more for a smaU side hole than for the termina- 
tion of the pipe at the bell month. It is easily 
seen that the mouthpiece and bell involve a 
slight departure from the simple form of the 
ideal cone. 

(vi.) Hyperbolical Pipes with Mouthpieces , — 
The case of all the brass instruments -with 
cupped mouthpieces falls under this class, which 
accordingly merits special attention. It may 
seem that the simple cone and the larger brass 
instruments have very little in common, but 
the wide gap between 
V thorn may bo bridged 
by a number of quite 
small, steps. Take 
first the tandem horn 
sliown in Pig. 32, and 
next the drag horn 

¥ shown in Fiy. 33. 

The first of these 
departs but slightly 
from the simple cono, 
the second rather 
more. But neither 
of them disturbs ma- 
terially the sequence 
of the partials pos- 
sible to the pipe. 
This is on account 
of the hyperbolical 
curual'un of the sides, 
which ii purposely 
introduced in order 

I to counteract the 
disturbing effects of 
the' bell and the 
mouthpiece. The 
groat length of such 
straight tubes is 
often very incon- 
venient. Thcroforo 
tlioy arc often cjoiUid 
I up into a compact 

n form. Thus, the 

l| tiindoni horn gives 

pUu^e to t'ho Iniglc 
(h(‘o h'ig. 34), and 
(h<< drug lu^rii to 
Tandm ifoni. DnlU* ilorn. trumpet 

(h(‘o Fiy, l\r>). 

Wlion the ideal com* i.s <Ioj)nrte<I from by 
introduction of bell and inontbpi('<'(S it. is 
<Iif!ieult to so model tlio f)i|)e iih to retain ttU 
tlio partialH in their Hlriet- barruoni<^ rolntioii. 
The praetieal ewfajK^ from ibi« diflieulty for 
musical puri)<iH<‘« is highly interest irig. Such 
a ciurvaturo in adopted iih will ke(‘}) all partials 
in rolativo tun<^ except thv pcflre/t or prinu* of 
tho whole series. A nunithpu^eo is adopted 
whieh irt UHUiilly /ao Mnittll to alUiw of the enay 
pro<liu't.i(Hi of the pe<lal. 'riam the others are 
all niUHically availaldis and the largc^al gap 
to Im' l>ridge<l by valvea or Hlidt‘ is a /iflh 


(between open notes 3 and 2) instead of an 
octave (between open notes 2 and 1). The 
resultant set of partials for some forms 
of tubing involves a 
sharpening of the pedal J7 

from its pitch as in the .H 

cone, but more often we 
find in use a form of 
tubing involving a flat- 



Tig. 34. 

The Duty Buelc. 


I’lG. 3 r>. 

Thfi Cavalry Trumpet. 


toning of tho podaJ. The two cases are con- 
trasted with the simple cono in the following 
approximate statements of frequencies. 

Trumpet and Comet . g, 2, 3, 4, 5, 6, 7, 8, etc. 
Simple Cone • . . 1, 2, 3, 4, 5, 0, 7, 8, etc. 

Kuphouion and Bombardon J, 2, 3, 4, 5, 6, 7, 8, etc. 

If, therefore, we seek the length for a brass 
instrument of a given pitch, it is easily seen 
that there is the choice to bo made between 
calculating for the mistunod pedal or for the 
other notes musically in tunc. Again, if the 
pitch is to bo right at a given tcraporatur© of 
tho room, there is tho further uncertainty as 
to tho actual temperature (and moisture) 
of the player’s breath in tho instrument when 
in such a room. It is difiicult to settle any 
of those points with prooision. In the mean- 
lime it in iuHtnuitivo to work out a conoroto 
case for a cono and compare tho result 

with an aittiial instriiniemt, say tho Bh cornet, 
whoso Icingth lias i)robai)ly been lixcd by 
oxporion(‘e. 'I'ho military pitoh of tho treble 
37 is 471)*3 vibrations per second at 60® T. 
=^15;;" 0. I’hus for tho length Lof the cono 
with end eorree.iiou c wo have 

2.(470-3:4) 2;hHr 

If t.hodmmetorof tho luis<ua4'r)in., wo have 
e Mlf) in. 

Ileneo 

h 4-a7i»xl2 1-3/)- 5(1-1 1-3 54*8 in. 

The length of tho t ubing of a H 7 (Munioi by 
Boijscy Co. moasurcH 54*5 in. whou in the 
nnlilary pit<-lu It tlnis app<‘arM that tho 
vjiriouH dopnrturoH of this oaso from tlio 
simplieity of tho oono arc alincMt ootupoiiHa- 
I lt»ry. Ah to what H(»nu‘ of tlw^ sejmratK) 
‘ (UipartnrcR w<» may note the following, 
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The player’s breath has a temperature well 
ov-er SO'" I'., as may be found by breathing 
on a thermometer. Suppose the breath 
leaves the comet at about 64® F. (as a simple 
test showed), then the mean temperature in 
the instrument may be taken at say 77® F. 
or 25° 0. Further, the moisture due to the 
breath might be accountable for an extra 
6 ft. per second in the speed of sound. Then 
the speed of sound in the cornet might be 
1089 + (2 X 25) + 5 = 11 44 ft./sec. Again, taking 
the pedal as expressed by J instead of unity, 
its frequency would be ^ of (479-7-4) =100 
per sec. nearly. Then, finding the length as 
though it were not changed by the hyperboHo 
shape, we should have 

L+e= = ft.=68-64 in. (11) 

So that for e=l-35 in. as before, L=67*3 
in. nearly. Hence, the higher temperature 
and the moisture both increasing the speed 
and the flatter pedal note decreasing the 
frequency, all concur in increasing the length 
of tubing recLuired. The factors which reduce 
the length are therefore to be sought in (a) 
the hyperbolic shape of the tubing from the 
bell to the valves, (b) the parallel part through 
the valves and tuning slide, (c) the slight taper 
from the valves to the mouthpiece, (d) the 
shape of the cupped mouthpiece itself, and (e) 
the different diminutioTiS of the speed of 80 %nd 
in each, part, because the air is not open but 
in a small pipe. And these factors must act so 
as to reduce the length from 67*3 to 64*5 in. 

It must not he assumed that pipes of a 
different proportion, hke those of the euphonion 
say, would show the same departure as above 
from what might he expected as to the length 
from considerations of actual temperature, or 
that all the disturbances in this case would 
mutually cancel. Probably in all these forms 
of tubing the lengths have been settled as a 
matter of trial and error, tradition, etc. 

(vii.) Temperature end ' Pitch of Wind 
Instruments, — ^It is evident from the foregoing 
that the pitch of wind instruments depends 
somewhat upon the t?mperature of the room 
in which they are played. But this dependence 
must he slight for a small instrument easily 
warmed by the player’s breath (like the flute) 
and more pronounced for a large instrument, 
like the bombardon or the organ, where the 
player’s breath has little or no effect. The 
details given in Table X. are taken from 
lectures delivered by D. J. Blaikley at the 
Royal Military School of Music. 

Reeds, on the other hand, flatten with a rise 
of pitch. Hence, if the temperature of the air 
used in an organ on some occasion is much 
warmer or cooler than usual the reed and flue- 
pipes will be oppositely affected and cannot 
be used in combination. 


Table X 


TEMCrBRATURlC AlTD PlTOII 



Kiao of Pi toll (liiu to Blno of 


J0“ F. ill Boom. 

IiiBtrament. 


Actiuil TiicroiiHo 

Peniontaffo 

of N umber of 


Increase of 

YibmtlouH per 


Prwiuoncy. 

Htvoiid 111 Bb 
|47f> porsor.). 

Flute and Oboe . 

0*31 

1-50 

Clarinet . 

Cornet tiud 

0-43 

2'0() 

trumpet . 

0-51 

245 

French horn . \ 

Trombone . j 

0-00 

oc 

00 

Cl 

Euphonion . . 

()*(K5 

310 

Bombardon . . 

Mean of full wind 

0-73 

3'60 

band . . 

054 

2*60 

Organ fluo-pipoa . 

1-(I5 

5-04 


(viii.) Free-Free Bars . — The caltuilation of 
the frequency of lateral vibrations of uniform 
bars is very com])Iicated, only tho result can 
be quoted here. If Nj be tho frequency of the 
fundamental of a stool bar of length L cm. 
and thickness a cm., then it can bo shown ^ 
that 

Xi= 638,400 X a-rJj® per boo. . (12) 

Thus for a steel bar 29 in. long and i in. 
thick we find 

=638,400 (20 x2-r)4)s 126 per see., 

which is the value ox])ori mentally found for 
the prime tone of tho bar in quoHtion. 

(ix.) Fixed- Free Bars . — We nio('t with an 
approximation to this case ehiotly in tho 
prongs of tuning-forks. 1 f of steol, ^vo have for 
the fiequoncy Ni of tlio ]>rifm^ oxotuited l)y a 
uniform bar of thickness a <‘.rn. and length L 
cm., the expression 

Nfi = 84,590 X a per SCO. . (13) 

Hence for a prong of stool 11 in. long and J in. 
thick, we find 

Ni= 84,590 X J-7(lPx 2-54) - n8-« per hoc., 

which is in agreement with oxpcrinu'nt. 

(x.) Temperature-Change of Pilch i?i Porks, 
—Since tho frequency of a timing-fork <lo]>endft 
on its dimensions and the density and elasticity 
of the steel, it is scarcely likidy t.lint the value 
of its frequency will escape iiiuduingod when 
all these factors are changed by an alteration 
of temperature. The variation with tempera- 
ture is too small to bo important in ordinary 
musical practice. But, aH a matter of strict- 
ness, it needs notice for tho sake of accuracy 
in copying forks or comparing one with 

* See Rayleigh, Sound, 1. 273. 
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aixothor. If Nj is the frequency at t° G. and 
N,, that at 0° G. we have the relations 

Ni=No(l -0*000112 n. • • (14) 

The change per 1° F. W(»ald bo (mly 5/0 
of the above decimal fraction or 0*0000<)2. 
This is equivalent to about one vibration in 
sixteen thousand per degree .Fahrenheit. 
Thus the Knellor II all J5[> fork, giving at 00° F. 
the military pitch of 479-3 per second, has at 
other temperatures the values shown below. 

oHOrlf 

§ (53) BxiMCKIMBNTAIi Drtkumination of 
F iuoQtrKNOiBS.- -Wo shall nothin fii-st a few 
comparative nmthods that yield the difference 
or ratio of the fn^jiieneics and then pass on 
to tnotliods that obtain al)S(duto values of the 
frequency. 

(i.) Diffvrenre by IkatH , — When two musical 
sounds of n(‘arly (wjual frefjueneieH are about 
equally intense an<l reriiain so wo may notice 
the ])henomeuon of ImtH, which is the alter- 
nate waxing and waning of the sound. Thus, 
if we start with two tuning-forks of the same 
pitch, bow <'a(‘h an<l place them tog<ither with 
the rntmths of their resonance boxes side by 
side, we shall find a smooth How (»f the sound 
as though there wtvs only on(' fork sounding. 
Next, let a litth* soft wa.x be stuck on the end 
of the prong of on<^ fork and some lead shot 
emb(*dd(»d in tin* wax. Then, on b(»wing the 
forks, an nlt«‘rnat(' loudening and softening 
of tin* Houiui will Ix^ noticeabh*. If the number 
of tlirobs or hndH prr .vrrowd b(i counted, 
this will giv(* th(' dfffvrenco of fi'rqnt'ticiea of 
the two forks in their Htai<' at the time: for 
the lomh'st jdiase of the Ixsits etjrrespomls 
to tlu' instant when tlu' forks aw impnmsing 
the ear with vibrations just, in step with one 
another. 1’he softj'st jd)as<* of the ImmiIh 
corrt'Hpomls to tin* instant wh<*n the vibrations 
at th<' ear from tlu* two forks an* just, out of 
step. 'I'o hear lM*ats to a<lvantnge from strings 
arul forks they shntdtl be plucked or struck 
aiul H tjo. If one ctmtinues btnving the 
vibrations ar<* liable to I»e clianged by the* a<*t of 
bowing ami the Ix*ats will not In* trustworthy, 
if imh‘<‘d audible, 

(ii.) Ikitrlion of i)/i«r f/nvAf by ttratfi. Tlu* 
m(*thoel of beats has a useful application in 
tin* detee'tioji of deleterious gamis in coal mim*s. 
A portable equipment luis })een <I(*viMed to 
be earriexi in the pit, by winch two similar 
I>ipes are bhiwti sti Jis t«» e»nit simultaneoUHly 
their Hides, one pipe taking ptire air from a 
r(*Hi‘rviai\ tin* oth<*r pipe Is'ing blown fnini the 
air, i*t«-.. pri*N»*nt in the mim*. Ii«»ng before* 
tlu* air is bad laumgh to be dange*roUH its 


vitiation is in this way detectable by the beats 
between the two pi])e8. 

(iii.) Eatio by the Ear. — Very often only a 
rough gauge of the interval between two 
musical sounds is required, and for this purf)oso 
the muaical ear (w'here possessed) may suffice 
oven wdien the sounds occur successively. The 
result of the test can he announced almost 
instantly if the interval is one in musical use. 
But if it is not of that simple musical character, 
it may take longer to decide quite W'liat it is. 
The accuracy of results obtained in this manner 
should be quite right as to the number of semi- 
tones in a musical interval. Such decisions 
could be scarcely trusted, however, to dis- 
criminate between the largo and small tones 
of just intonation, their ratio frequencies 
being 9/8 and 10/1) respectively. When the 
sounds occur simultaneously the sonsitivoncss 
of the oar is distinctly greater, and fairly good 
tuning is j)ossil)le in this way, especially as 
the occurrence of beats often assists in the 
final judgment. 

(iv.) Fork'H compared by (dmohe Traces , — 
A convenient way of comparing frequencies 

forks is that of letting each write a wavy 
trace on smoked glass or j^apor. This metluKl 
lias the advantage of being imU^pendent of 
hearing altogether. Flach fork hns a small 
stylo of aluminium foil fixed on it, and the 
forks must be so arranged that the two traces 
can he obtained side by side for comparisons. 
This may Ix^ acHJomplishod in a variety of ways. 
One plan is to have l)oth forks fixed by thoir 
shanks and some wood ])acking in a vice so 
that the four prongs are all side by side 
horizontally, the styles being on the under- 
Hi<le of the jirongs. Then, the forks are sot 
in vibration, ])roforahly by bowing, and the 
smoked glass moved by hand [larallol to the 
prongs and in contact with their st-yh^s. 
Another filan is to liave ibe forks mounted on 
a frame along wdiicli the smoked glass <*an, 
slide. When the traces are ohtaimxl ilndr 
W'ave- lengths are compared with whatever 
nicety is (h'sirable for the juirpose in view, 
'I’huH Ihe ratio of th<i freipiencieH is found, 
since NiXi' NgXjj, wh(»re the N’s are the 
frc*<|uencioH and the X's the corresponding 
wave-kuigth of traces. Both thoae frecpieneies 
are slightly different- from “those of the forks 
wit hout the styles. If the latter are sought the 
inetlnxl of eorri'etion at end of § (53) (viii.) may 
lui a<lopte<l. 

(v.) fiismjous' FUjurcs, This is an optical 
; method for testing tin* aeeuraey of t.uuing <if 
; some simph^ interval (unison, octave, eie.) 
bed. ween two forks. 17m arrangtmient is 
shown in Fly. 3(1. 

The light from an are lantern passi's through 
the foc'USHitig tens B, and is rellecded at a little 
, mirror P on the fork A* then at a mirror Q on 
the fork B, uml finally reaches the sercH'n at 0, 
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if both forks are at rest. The vibration of 
fork A will displace the spot of light parallel 
to XOX^ those of fork B will displace it 
parallel to YOY'. Hence, if both forks 
are vibrating together in unison^ a special 
figure is described, which may be an oblique 
straight line or an ellipse or circle according 
to the phase difference of the vibrations ; 


of sound in the air at the temperature C.) 
in the room at the time. Hence wo may write 

N4(Li + e) = v = (33,200 + 61t) cm./sec., (3) 

where e is the end-correction for the tube and 
equals 0-3 of its diameter, whence N the only 
unknown can be found. Let the next larger 
air column that responds bo Lg. Then one- 



Tio. 86.— Lissajous’ B’igures. 


but nothing else is possible if the unison is 
exact. If, however, the unison is not exact 
the figure slowly melts from one of the above 
figures to another, and after a time, t seconds 
say, returns to its original form. Let the 
frequencies be N and N', the latter being the 
less. Then in the time t one vibration has 
gained a complete period on the other. So 


third the length of this must correspond to the 
previous L^. Thus wo have 

N4(L2+ e)=3i;=: 3(33,200 + OU) om./soc., . (4) 

whence, by subtracting (3) from (4), we find 

V 33, 200+ 6H . 

^~2(L2-Li)~ 2(L2-Li)' • 


N«-1=N% 


or 

whence 


N-N'_ 1 

N “Ni’ 

1 


. ( 1 ) 


As an example, suppose one fork is known to 
have the frequency 100 per second =N say, 
and the figures are found to go through their 
cycle in 2 minutes = 120 seconds. Then 

W 1 
N" 12,000’ 


N' _11,999 

N 12,000* 


( 2 ) 


So that N' is accurate to one in twelve thousand, 
or N' =99-9917 per second. This illustrates 
the accuracy possible ; the interval is less than 
one five-hundredth of a semitone. 

(vi.) Hesoncmce Tube . — ^If a taU, narrow jar 
or tube be taken, and the level of water in it 
quickly and quietly adjusted, the air column 
above the water may be set to respond well’ 
to a vibrating fork held over the top of the 
tube. Suppose the shortest length of air 
column that responds is then this is like 
a closed organ-pipe, whose length we have 
seen is traversed four times in the period of 
the vibration. Thus this distance multiplied 
by the frequency N of the fork gives the speed 


This is preferable to using (3) alono, if the jar 
or tube is long enough to permit of finding 
this second place of resonance. 

(vii.) Monochord Method . — To find the fre- 
quency of a fork it is sometimes convenient to 
set the string or wire of a monochord so that a 
certain length L of it (adjusted by a movable 
bridge) is in unison with the fork. This 
adjustment should be done first by oar, and 
second by beats. Finally, it may bo made 
more exact by sotting the vibrating fork with 
its stem on the string where it crosses the 
bridge. It should start the string in vibration. 
This last is a very dolicato test of the exact 
unison, the vibration of the string being 
repeatedly started and detected by the finger. 
Then, the tension of the string being due to a 
weight of M grams and the mass of the string 
m grams per cm., the frequency of the fork 
and string being each N, wo have 


“ 2L ’ 


• ( 0 ) 


where g is 981 cm./sec^. 

(viii.) Fall Plate . — A very useful method 
for the frequency N of a fork is that known 
as the fall plate method and illustrated in 
Fig. 37. A smoked-glass plate is allowed to 
fall so that a stylo G carried by the fork F 
traces the wavy mark P, Q, R on it. As seen, 
the x->late hangs by a thread, which is burnt 
between the pins HH when all is ready. At 
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tho very beginning of the trace the waves 
are too crowded to bo distinguished ; but a 
littlo farther on, say at P, let them become 
clear. Then count an exact number of waves 
n, and measure the length PQ — totalled by 
them. Then, from the end Q, of that set, 
count tho same number n of waves and let 
them occupy tho total length, say. 



already described are not available. Indeed 
some other sound produced by an air blast 
seems preferable as a standard of c()mparis(jii. 
For this purpose a siren may bo used in which 
a disc ^vith a circle of holes in it spins so that 
tho holes are alternately opened and closed 
by passing a similar set of holes in a iixed plate, 
an air })last giving the sound. When tho siren 
is set rotating at such a speed that its 
sound is in unison with that of tho pipe 
under test, th(^ number of revolutions in a 
given time must bo observed by tho counting 
arrangement t)n tho siren and a stop-watch. 
Then, if tho fro(iuency sought is N, tho number 
of holes in the circle <n\ tho disc is ///, and tho 
number of revolutions of the disc is n, in 
time t seconds, wo have 


N 


'nni 

t ‘ 


( 10 ) 


I'lO. 37.— Kork and L^&U, Plato. 

Then if u denotes the speed of fall of tho 
plato when tho stylo touched wo have for 
tho fall PQ 


It is hot possible to keep tho siren steady 
if driven by air alone unless some mechanical 
supply is availal>l(^ and a screw-clip or similar 
adjustment is used on tho india- 
rul)ber pipe c.oiulucting tho air to 
the siren. Another method is to 
sui)i)Jy th(^ siren from a wind-chest 
in which the air is kept at a con- 
stant pressure by moans of a loaded 
safety-valve. If it is not possible 
to koop tho siren in unison, wo 
may koop it a littlo too slow all the 
time, t, and count the tt)tal number, 6, of 
beats thereby produced. Then, obviously, (10) 
changes to 


... (7) 

where t is the time of a waves - -m/NT. Again, 
for tho fall Q.R, tho speed at Q is u iyt ; thus 
wo have 

/a -(U'h{/t)t { . . (8) 

Uouce(8) -(7) gives 

l.-li -!/**■ -( n !)' 

It should h(^ noti<!c<I tiuit tlu^ i>nmen(J 0 of the 
stylo on tint fork will load it and ilatUm its 
pit(!h somewhat. 'I’his flattening t^ould he 
evaluated if another fork wore available 
('xaetly like that- used, so thatr without its 
st-ylo th(\v w('re in exact tmison. Then the 
<lifr(*ren(^e dm* to tlu* style (*oul<l ht* found by 
tdmerving beats b«*twe<m tb<* two forks. If 
it wen* tw<» persfK'ond, then we should have to 
atl<l two to the value found hy (0) to obtain 
the fre<puMi<‘y of the fiu*k when the style was 
r(*niov<‘d. 

(ix.) Si/rti. If the fre<|ueury (»( an <»rgan 
pip** is f<i }h‘ evaluated, some of the methods 


. . . (11) 

(x.) Tonomet&r . — This arrangement consists 
of a s(st of tuning-forks extending throughout 
an octavo or through a number of octavos. 
Tho sutscoHsivo forks diffor in fro(iuonoy by 
a few vibrations per second only, say, about 
four, all th(*HO diftoroucsos being observed 
by beats and car(*fully noted, till tho series 
buihling up an c.x(wi orlavc is dealt with. 
Thou, if tho bottom fork of this octavo luui a 
fre((uency N, the top fork has a froquonoy 
2N. Further, lei tin* mitnber of boats per 
H(*cond ])otwoen su(*ct*Hsivo forks be a, h, c, 
(ly and lot the sum of all those through 
the octave ho fouiul. Then obviously this 
sum is tlie valiu* of N. Then tho frequency 
of one fork being known, that of any other in 
the stories ih known by adding tin* b(*at<- 
nurnbors. W(* can then cotupan* any oth(*r 
sound with tlu* forks of luughbouring fre- 
(fuen(*ies, note tlu* heats, and thus aHc.(*rtaitv the 
frequency of the sound in <{U<‘Htion. Thus, 
suppose we hav<* forks of fre<imm<tieH 132, 
14(h2, and M74) i>er sec*. Then, 

if our sound to lx* tested giv(*s about 5 heats 
per second witlx tho llrsb fork, 1 beat per 
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seoond with the next one, and 3*1 beats por 
second with the third, and about 7 per second 
with the fourth, we see that the frequency 
sought is 137*1 per seoond. Such a sot of 
forks, ranging over a number of octaves, may 
be taken into a belfry and so the exact pitches 
of the partial tones of any or all the church 
bells there be ascertained. 

ly. Sound Detectors 

§(54) Air Resonators. — The air in a 
globular or conical gas or lamp shade may 
sometimes be observed to ring or resonate in 
response to some sound made by chance near 
it. In such cases it is often found that a 
musical sound a semitone higher or lower 
awakes very little response. Thus, the 
response of such an arrangement would 
act as a detector of the presence of a sound 
of particular pitch mixed up with other 
sounds of different pitches. To apply this 
principle we may use a jar, bottle, or flask 
and tune it to a particular pitch (as given by 
a tuning-fork) by pouring water into the flask 
to sharpen it, or partly shading its mouth 
by a cardboard to flatten it. In this way 
the first bottle picked up may he readily 
tuned to respond well to any ordinary fork. 
Then, in the case of a tuning-fork an octave 
lower but very vigorously bowed, this im- 
provised resonator may be used to detect the 
presence of the octave of this lower fork’s prime. 
For with large amplitudes of a big tuning-fork 
the air near its prongs executes a complicated 
motion in which the octavo may be detected, 
although the prongs do not give that octave 
by simple subdivision of vibrating segments 
as a string does. Such a resonator may also 
be used to detect the octave or higher partials 
in the human singing voice. The use of a 
special form of resonator for a determination 
of pitch is given in § 53 (vi.). 

§ (65) Sensittve Flames. — Yarious flames 
have been foxmd to be sensitive to sounds of 
high or medium pitch and have been studied 
from several points of view. Apparently this 
phenomenon was discovered first by J. 
Leconte ^ and then independently by W- F. 
Barrett in 1865.^ 

(i.) TyndaWs Vowel Marne. — ^This is a high- 
pressure gas flame sensitive to very high- 
pitched sounds, and so can detect and exhibit 
peculiarities in certain sounds owing to the 
j)rosence in them of different high partials. 
The gas issues from the single small hole of a 
iSugg’s steatite pinhole burner, and the flame 
is about two foot high. The gas may be 
derived from a weighted gas bag or a steel 
cylinder of compressed gas with regulator. 
The flamo must bo adjusted to the sensitive 

1 m il. mt/., 1858 , XV. 3 : 35 - 330 . 

“ Ihiil, 1807,xxxlii. 210-222 and 287-290. 


state, as tall as possible without flaring. 
This flamo responds, by falling down to a 
half or a quarter of its normal height, when 
excited by suitable sounds, such as a tap on 
a distant anvil, the shaking of a bunch of 
keys, the jingling of coins, the creaking of 
boots, the crumpling or tearing of paper, or 
the ticking of a watch. A loud oo leaves it 
unaffected, it quivers to o, is strongly affected 
by ee, and still more so by ah J 

(ii.) ItayleigKs /Sensitive Flame. — The laic 
Lord Rayleigh devised an enclosed jot 
sensitive to sounds of ordinary pitches, say 
those through the compass of a piano. It has 
the advantage of working off the ordinary gas 
supply, k jet of coal-gas rises from a steatite 
pinhole burner placed in a chamber (which 
may be cubical of about two inches side). 
The gas then passes up through a verticjal tuhe 
J-inoh diameter and flj inches high, mounted 
on the chamber. On reaching the top of 
the tube it bums in the open air. The front 
of the chamber is covered with tissue ])aper to 
receive and yield to the sound and affect th(^ 
jet inside. To adjust the flamo to sensitiv<w 
ness, begin with the full pressure of the 
ordinary gas supply and slowly turn the tap 
down till the flame suddenly assunioB a 
fluttering lop-sided appearance, being at one 
side drawn down the inside of the tube a 
little. Lower the pressure yet more till the 
flame, though still lop-sidod, is steady. It is 
then right for use and will be found sonsitivo 
to the crumpling of paper, clapping of hands, 
and the piano. Its recovery after stirniihis is 
rather slow. 

(iii.) Bunsen-burner Sensitive Flame, — For 
this purpose the Bunsen burner inusi^ 
carefully chosen. The following typo has 
been found suitable; upright tube of bntsH 
5 inches high and |-inch boro, only one Hi<le 
hole for air, which is perfectly closod by a 
half -tuTXL of the sleeve. To obtain the s<mHi- 
tivo state exclude the air completely and redu(‘ei 
the pressure of the ordinary gas supi)ly until 
the flame is lop-sidod but quiet. Tlio maxi- 
mum pressure cousistent with these conditions 
seems to give the best results. The flamo is 
about 4 inches high, that side of its base nc?xt 
the supply tube being detached from the lip 
of the upright tube and extending down 
into it about a third of an inch. The burner 
is not, however, lit back. When responding 
the flame falls to about IJ inches high ami 
quickly recovers. It is insensitive to ctnimp- 
ling of paper and to the jingling oi keys, but 
responds promptly to clapping of the IiandK, 
shuffling the feet on boards, coughing, Hp(»ak- 
ing, whistling, or singing. Jt is posHil)le t<) 
whistle a slow staccato passage, oacb nol<b 
being acknowledged by a lowering of th<i 
I flame and each rest by a recovery to the 
I normal height. This flame is very useful for 
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dotoctiiag the nodes and anbiiiocles wboro a 
sound is roflootod from a wall. Tho wavo- 
longth can thus be found anti tho froquenoy 
of tho sound calculatod. 

§ (56) Tiik Bayleioii Drsc.—It is found 
that any Hat obstacle in a Htroani t)f fluid 
toncls to sot itscilf across that stream. This 
was utilisocl l)y tho lato Lord Rayloigli in tho 
form of a disc BUH])on<led by a fibre with its 
zero })ositi(>u at angles of 45° to the cliroestions 
of flow of air in tlio vibrations to bo <letccto<l. 
The quantitative trontuieiit of suoli a disc 
Wiis given by Kfinig in IHJ>1. Tho turning 
<5()in)le or tongue is thus shown to be exprosstwl 
l)y 

0 - ‘A/ja®\V'“ sin 

where (“5 is the (U)Ui>le, the density <if the 
air (or other giis) moving at H[>ee<l W, a is the 
radius of tlu^ disc, aii<l fl is th<^ angle bc^twoon 
its normal and tlui direotion of the wind W 
when undisturboil by the <list‘. A siniple 
experiment with the <liHi‘, is ns follows: dust 
inside* the iiumtli of the resonaiK^e box of a 
tuning-fork suspend by a eoeoon lihre a 
(lihks of niioa, thin card, or v(U'y tliin mirror 
about an inch in diaineU^r. Arrange' that the 
ZiU’o ]H)siUon <if the disc shall Ix' at 45*' with 
the plane of tiu' mouth of th<' box. Tlieii on 
bowing tlu^ fork, or winging its tioio in front, 
tho difcki will promptly S('t itsedf aeross tho 
mouth. By light relkuittul from the mirror 
tho ('fleet may l>e innd<' evi(l('nt to an audU'iioe, 
or by use of a weako in mUlition the action 
may be uw'd as an al)Holut<^ UK'asure of the 
inteiisity of the sound in (juestlon. In Huh 
quiintitativo mnnn<*r th<' Itayb'iglt diwe lias 
Ixwm uh(kI in vunous researches in arc?hiU*ctural 
arc uisthts and other inve^wiigations. 

§(57) lllTMAM nKAmN<J. Tills IS H VlVSt 
Ruhj<*ct bikon In nil its possilde asjw'tdw; only 
a few of tiu' [>hyHi(*nl ojk'h can lu' notUwl lu^re. 
Hut tlunr imisntance is V(*ry great, hccaime 
almost nil soundw an' brought to the arbit ra- 
nu'ut of tin* human cup^ luoict* tlu' neceSKity 
of gaining what insight w(' can into the organ 
its<df ami its manner of worUiiig. 

(i.) The Ettr, A g^uicral view of tin* human 
ear, somewhat drparting from exact. Rcalti 
for the sake of cU*arn<‘SH, is given in AVf/. ,‘IK. 

In this we easily recognise tin* external ear, 
the ('ar passage* (‘luliiig at t he {\v\im-Hkin 
(often iinj>rop(Mly Hp«(ken of ns the drum). 
Beyond tluH lu'S th(' cavity whieU ts ]>ro|K*!rly 
<’allcd tlm <lnmi. From the <lrum the 
KuMlacbiitn tube* proccc'ds to tlu^ pharynx. 
This tills' tjpens wlicn Hw*nllowing oceurs 
and HO the prt'ssuri's <*(puil on each widi* 
of till' drum-skin. Thiw diiuiUtyis (^Hsentiiil 
to hf^aring, and if by plunging or diving 
und(*r \vutt*r, »(r awceiuling in an airplane, 
the m|naliiy is lost, it- may h(' restoriHl by 
purp(mi'ly swallnwhig. The oaviiy <»f tho 


drum is bridged acro.sB from the drum- 
skin to th(3 labynnth by a train of tUrcu*. little 
bones called respectively tho liainnicr, the 



Kia. (Jcucrul View of Human Kar. 

anvil, and the sbiri'up. The labyrinth oom- 
jirisi's the vestibule, tlio tiiroo semicircular 
(uinals., and the coidilca. Tho vostihulo is 
tho middle part of th<' labyrinth, and contains 
tlu' oval window which rcdoives tho foot of 
the stirrup. Forward and <l(>wnwaTd from tho 
vcstihulc' \v(' have the importaint structure 
rcHcmhliug a wnnil-shc'll and ealled the cochlea. 
U contains a spiral canal, which is soon in tho 
eroHH-Hoc.tiou of a single turn or whoii given 
111 F/f/- IM). 

Th(' cochli'ar ('anal {canalis cmhlearis) is 
floeu to bo ahnoHt triangular in orows-Beotion, 
niul is dividctl from the fioaln veMuli by the 
membrane of Keissnor, and, by the basilar 
iiu'in brant', from tho scah tympanic which 
emlw in the round window when it roaches tho 



Fm. ;h>. --<' rnHs-»(H*tlon of a Wlmrl of tho Cochlea, 

drum. TIk'so two ^calm (or Htairooses) are 
Ht'])apatc(l by tho lamina spiraliif, through 
which the ftbrilH of tlie andittiry norvo ar© 
distribnU'd to the Honsltivo structures of the 
basilar inemhraim. 

(ii.) ?/ie Ah of Hearing . — ^When mlmto but 
rapid alternations of air prcHsure of suitable 
fretiuen(*y and range occur at the oxtomal 
ear, f.hcy pa«s along to the <lrum-skin ajtid sot 
it in vibratory motion. This motion passes 
through tho chain of tiny bones (hammer. 
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anvil, and stimip) to the oval window, whose 
displacements, according to Helmholtz, never 
exceed a tenth of a millimetre. But the area 
of the drum-skin is fifteen to twenty times 
that of the oval window. Thus, the train of 
bones receives the motion of the comparatively 
large drum-skin moved by the air and changes 
it into the more forcible motion of the very 
small oval window, which has to move the 
liquid in the labyrinth. Hence the motions 
are handed on to this liq.uid, and the waves 
passing along the sccUa vestibuli are felt in the 
canalis cochlearis and then affect the sensitive 
apparatus on the basilar membrane. At the 
tip of the cochlea the partition ceases between 
the scald vestibuli and the scala tym^anif so 
the waves proceeding along the fibrst can return 
by the second. This ends at the drum with a 
round window which seems to play the part 
of a safety-valve. Much controversy has 
raged as to which are the structures that 
form the sensitive part of hearing and how 
they act. Some hold that these structures 
are some tuned vibrators which are set in 
sympathetic vibration by impulses of their 
own natural freq[uenoy. On this view, a 
vibration of 100 per second, say, would set 
in full vibration any vibrators which had the 
same or a near frequency (sharper or flatter), 
these vibrators would stimulate the nerve 
fibrils, and so the message would reaoh the 
brain that certain vibrators were in motion. 
This would constitute hearing a sound of 
frequency 100 per second. Any other audible 
frequencies would be dealt with in like manner, 
each setting in action those responders of 
frequencies near to that of the external 
stimulating soimd. And all these could he 
heard simultaneously as separate sounds if 
not too close in frequency, or some of them 
too faint to be recognised amid the din of the 
others. Some reject this so-called resonance 
theory of hearing, but have little to put in its 
place which is intelligible or acceptable to a 
physicist. It is perhaps too early to feel 
certainty with respect to any hypothesis of 
audition. But it may he pointed out that 
one objection to the resonance theory has 
been recently removed. It was at ne time 
imagined that thousands of differently tuned 
responders .would be needed in the ear to 
satisfy the requirements of that theory. It 
has now been shown that about twelve to the 
octave in the musical range of hearing, and, 
say, a hundred in all, may be taken as sufficient 
to account for all the delicacy of perception of 
pitch possessed by us.^ 

(iii.) Limits of Audition-. — Separate impulses 
may have a frequency too slow to be heard as 
a continuous sound, and vibrations may be 
too rapid to bo hoard at all. Thus for each 
person there are limits of pitch outside which 
1 Phil. May., 1911), xxxviii. 104-173. 


no sound is heard as such. These limits arc 
very different for different persons, and vary 
with time for the same person. Some cannot 
hear much continuous tone for less than 
thirty per second, though others may hoar 
down to fifteen per second. Some gigantic 
organ pipes are effective by a seiios of throbs 
shaking the floor or panes of loose glass z*athor 
than by any continuous infiuenoe they may 
have on the ear. The highest pitch audible 
is also somewhat uncertain. Thus, some can 
hear sounds up to or beyond 40,000 per second, 
while others fail at an octave lower. Wo might 
then place the extreme limits at 15 to 40,000 
per second, those useful for musical purposes 
at about 40 to 5000 per second. Thus, while 
the eye only sees one octave, the ear hears 
about eleven octaves, of which about seven 
are musically available. It should be noticed 
that not only are the qualities unpleasant at 
the extreme pitches, but tliat the sounds are 
useless musically for another reason, namely, 
that the discrimination of pitch is obscurecl 
and lost beyond certain points both up and 
down. And this is just what would bo the 
case if we heard by means of a set of vibratory 
responders. Por obviously such a sot must 
have its limits up and down. Further, any 
not© within the range of this set would be 
located in pitch quite distinctly. But, beyond 
the range of this set, if upwards, the note 
would be recognised as high because only the 
high-pitched responders would bo affected. 
But the pitch could not he precisely dis- 
criminated, because there would bo no other 
responders still higher in pitch than the note 
heard. And to locate a pitch, on this view, 
it would need some responders too high to bo 
disturbed by the sound, some responders too 
low to he disturbed by it, and somo botwoen 
that were powerfully affected. Thus a souncl 
so high as to be beyond the range of tlio 
vibrators present would he known to bo high 
but not clearly discriminated in pitch. Simi- 
larly, a sound lower in pitch than any of 
the responders present in the oar would bo 
acknowledged to be low, but its exact i)itch 
would elude discrimination. And this is just 
what we actually experience at each end of 
our auditory range. 

It is also a matter of some interest to ascer- 
tain the total number of vibrations needed 
to enable an observer to decide the pitch 
of a sound heard. Kohlrausch investigated 
this by attaching to a pendulum an arc of 
a circle with a limited number of teeth on it. 
On letting go the pendulum the tooth Htriick 
a card, and on hearing the sound a monocliord 
was set to agree as closely as possible with 
the pitch as it was judged to l>o. As the 
number of teeth was reduced so was tlie 
fineness of judgment as to the pitch heard. 
Thus, the error of judgment rose from 0-14 
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of a semitone with 16 teeth to 0*5 of n semitone 
with 2 tooth. Hence, even with two vibra- 
tions the jiidgnioiit of pitch wiia only in error 
by a quarter of a tone. 

(iv.) Amplitude Audible . — So far 

back as 1870, Toepler and Boltzmann macl(‘ 
an ostiniato on this subject by ox^jeiiinents 
on an organ pipe. Their rcHult wtw that 
with an amplitude (or displacuunont each 
side of the mean position) (jf 200 >: 10- « cm. 
a sound uf fre<xuoncy about ISO per second was 
just audilde. The late Lord Hayldpjli (*arried 
out experiments on two one with a 

whistle, the other with a ttming-f< )rl<. The 
lirst, with a fro(iueuey of 27110 per sotmnd, 
gave an am])litu(lo of S x U)-** crn. as being 
just audible. Tho scx'ond, with a fre(xuen<iy 
of 25(1 per se<!ond, gave a nunimurn audible 
amplitude of 12*7 x 10 » cm. Dr. ?. E. Shaw 
in 1904 applied his electrical micrometer to 
tost. the ininimuin audible amplitude of the 
diaphragm of a telephone re<H‘iver. For nil 
expi^ctcd Houncl he foiiiul th<^ iniuimuin audible 
motion of the diaphragm t(» bo 7 x 10"” cm., 
and infiwicd that the moth m of tho air pro<lue<‘(l 
by it at tho ear was only oni*-lifth the above. 
Thus the niinimiuu audibli^ nnifditiKle would 
be 14 X 10 cm., or about 1 I- 18(MMK>,(MIU of uu 
iuoh 1 

(v.) Piirrcptioft of Hound Diredinn, In 1007 
the late Lord Rayleigh piiblinhed a series 
of ex[>t^riinentH uiuieriakeri to iisei^rtaiii tlit' 
jiowors of <‘arrt in eHtirnaling t he diretdions 
from whieliKouiuls cuiuie, and how powt^m 
may be e.xplaitie«l By theory luul experi- 
ments it was eonelu<le<l that for Hounds higher 
in piteh than al«»ut r*' (512 per secomi) the 
diwM’imiiiatiou of right. au<l left is mu<le chiefly 
upon the <lilT(M’(Ui(’e of inUumities at. the tw«> 
earn, but that at low [litelies, ut any rate below 
r (128 per second), the recognition of phase- 
dilT4‘rcn(*t*H at the twt* must be appealisl 
to, But if i.M to la* uoti<'(*(l that we hav<' very 
litth^ judgmeni about front au<l bac^k in 
atbunptiiig to bieate ilu* sourec^ of a sound 
hear<l. Tbtts, (»n board ship, if wishing to 
lootib' tile Houri'e of a fog-nigunb a iMunhirmtion 
of w»v<^rnl obwM’vers fui'ing dilT<‘rfMit ways 
ofh^rs advautagcK. In eotnpnring Ibeir judg* | 
ments atleiif i(»n sluuild b<* paid only to wdiicli ' 
of liis HidcH, right or left, each listener suppoHtsl j 
the sound source to lie. j 


at the I’cce-iviiig end). In eHHcntia.l priiK*i])lo, 
BeU’s telephone, aw a rccei ver, ia in ime to-day ; 
though alterations have l)e<in made in (letails. 
But, as a tninaniitter, tho Boll telephone is 
supieracded by sonic form 
of carbon tranurnittoi’. 

The Boll ieloj)ht)ne is 
shown ill Hiattion in Fiy, 

40, and an Kdison ctir- 
boiitranHiiiitler is shown 
in Pi(j, 41. 

'When using for tele- 
phony a <faib()ii trans- 
mitter, a baflc'ry is 
needed to geni‘riite the 
current, and it is tho 
function of tlie trans- 
mitter, hy tho variation 
of its own resistaiiee, to 
vary tho currcait thus 
produce<l. How this is 
done may be si'cn from 
tho ligUM*. Tho sound Pro. 40. 

waves ])UHS through the I Jell’s Telephone, 

mouth pioee M and net 
tho <liiiphragm I) in vibration. This motion 
acts upon the button B and the iidjoiiiing 
platinum plate, whioh thus inakoB a variable 
contuet \vitb<> a diBo of carbon (somotiines 
now replacod by 
separnto enrbon 
balls). 11m eksetrioal 
eir<*uit in tho inatru- 
nu, ‘lit is from the 
tormuial T' fclirough 
th<‘ Hpring H to the vwAL 

platinum plate, KdinonCiarhou Tranmnlttor. 
Uuiiiee through the 

earboti and the ctiso of the instrumont to tho 
si'cond torminal T^ 'rbc' variatioiiH of tho 
eleetrioul n^sistancus (duo to tlio movement of 
thc» <liaphragui upon whioh sound waves fall) 
are thus iinpr<iKsod upon the eurrent through 
tho line in tUc^ other siatioti, and thoixi tu^t 
upon the telophcmo rcetuver (wk^ Mg. 40). 
11m <!urrcnt. (uiitw and leaves by tlio tenuinals 
1’ and T', imd so pussy's through n coil 0 near 
t lu' eiul of II mugiiet NS. Ilie viiriiitions of 
the eurrent attract ia varying degreoB the 
diajihragm of tho roceive^r. It thus vibrates 
in <’orr<w|H ladonce with that of tho transmitter, 
and HO luuitH Mounds whk^h agree in esuontiala 
with those falling wpiin the transmitter’s 




V. Ho(fNi> lljuiMtoniu'KnH and hnooitntiKH 

§ (5H) Thk Tmi.kimionw. In lH7d draham 
Beil pateuUal his speaking l<'l(*ph( me.* /\t this 
lime his Instruments iMttt*d botli ns a irans- ! 
miMer (giving to the line Hignals (Mirmsponding ! 
to t lie Hoiuids spoken into it) nrul as n leeeiver 
(which reeorivf‘rtefl tluise Hignals into sonntlH 

‘ Sim* jUmo " Ti'li* phony," f ( 17 ), Vol. 11 ,; " Mkro- 
phiinrs/* Vol. II,; “ Wlcroplioiie, The Hot W'lre," 

Vol. n. 


diaphrngnt. 

Tort-uhlo tele[)h<)ne si'tH (called audit)h<mo 0 ) 
have IsHin iirraiigtHl to relieve partinlly deaf 
persons, tbe^ earlKui traiiHuiitU^r being on tho 
dreuM and the rec<4ver or mieiveiu applied to 
one or both ears. I’o some jiatients they Imvo 
pn>v<^l beiudleial. But at prosent the dotails 
t»f u Helen tille test of defecitivo hearing stsom 
to he not rto far odviiacetl as the eorrusponding 
onus appliuahlo to a lost of oyesiglit 
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§ (59) Dtjddbll’s Speaking Auc. — This 
arrangement may be said to utilise the are 
light as a special form of telephone receiver. 
The arc is at the same time (i.) part of the 
direot-onrrent circuit which supplies its main 
current and (ii.) part of an oscillating circuit 
containing a condenser and a coil. On this 
oscillating circuit are impressed the alternat- 
ing currents obtained by induction from the 
fluctuating currents of a telephone transmitter. 
The arc then changes its state in such wise as 


to emit very feeble sounds, but it can yet 
render speech and song and the performance 
on musical instruments so as to he just audible 
to an audience of several hundreds. The 
arrangement is shown diagrammatically in 
Fig. 42. It is seen that in the direct-current 
circuit of main supply is included an induct- 
ance L to prevent any appreciable part of the 
alternating current obtruding there. Also in 
the oscillating circuit a condenser S is included 
to prevent the direct current from flowing 
there. Only in the arc itself are both the 
steady and the alternating 
currents allowed to flow. 

The alternating currents are 
inductively produced in the 
coil B by the variations of 
current in the coil A through 
the waves of speech, song, etc., 
falling upon M the microphone 
(or telephone transmitter). 

§ (60) Miller’s Phonojdeik. 

— ^Various arrangements have 
been adopted by different 
experimenters to analyse the motions of the 
strings and other parts of musical instruments, 
separately or simultaneously. Probably the 
first was the vibration microscope of Helmholtz. 
Others have involved the photograi)hs of an 
illuminated portion of the vibrating string 
together with a uniform perpendicular motion 
of the sensitive film or plate. They also 
include the use of rooking mirrors reflecting 
a spot of light and so recording photographic- 
ally the motions of the bridge, belly, and air 
of a violin, etc. These methods have been 
used by F, Krigar-Menzel and A. Raps, by 
E. H. Barton and by 0. V. Raman. 

In 1912 B. C. Miller published on account 
of his apparatus, for the demonstration and 


photograpliy of sound curves, called the 
pJtorbodeik. This is shown diagrammatically 
in Fig. 43. It collects from the air what we 
may call the total resulting sound from all 
parts of the instrument under test. This 
passes down the horn ii to a diaphragm of glass 
about three- thousandths of an inch thick, held 
lightly between soft rubber rings. To the 
middle of the diaphragm a few silk fibres (or a 
platinum wire 0-0005 inch in diameter) are 
attached, and after passing once round a tiny 
pulley finish at a spring tension 
piece. This pulley is on a spindle 
carrying a mirror m, 1 millimotro 
sq^uare, the whole mass being 
under one five- hundredth of a 
gram. Light from a lamp I passes 
to the mirror focussed by a lens 
on to a film / moving in a special 
camera. The uniform motion of 
the film is porj^ondicular to the 
motion on it of the spot of light 
due to the vibrations to be re- 
corded. Thus a displacement - time graph 
is obtained. The apparatus cjan be arranged 
also with a rotating mirror and soroon instead 
of the camera, thus projecting the curves in 
the sight of an audience listening to the 
sounds which produce them. 

Hany interesting rosxilts have boon obtained 
with the phonodeik, a few of which are repro- 
duced here. Figs. 44 to 43 show records of the 
violin, flute, oboe, piano, and bass voice 
respectively, finally, Fig. 49 is from a 
gramophone and shows Tetrazzini singing alone 


Pig. 43.— Miller's Phonodeik. 

a high Bh in iMcia di Lwamemoory tlio iiiic- 
tuations in amplitude being du(^ to a slight 
trermh. The whole record for this one ni>to 
lasts about throe spoonds ; only tii)out a tenth 
of it, just at the finish, is here shown. 

§ (61) BaNKINE’S PnOTOIMIOKM FOR TRANS- 
MISSION OF Spekoii bv Lkiiit. — In 1919 
A. 0. Rtmkino publislusd an nc^couiit of his 
arrangements, which may bo (U^setribod briefly 
as follows. Light from a point Hourec is eol- 
Icotod by a lens and an inuigc formed on a 
stnall concave mirror whicdi in attached to the 
diax)hragm of a gramophone recorder. Tho 
light diverges and passes through a w<' 0 (md 
similar lens, which projects it to tho distant 
station. Two similar grids are mounted, one 
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Kia. 14. - rUotottraiih of tlu^ Totio of a Violin at tlio time of IleverHiuK of the Bowing. 



Kk*. 45. Threo l^hotograplw of t,h(* T<mo of u Flute, played p, mJt and /. 






Kn*. 15. IMiotograph tlm Tone of an Oboe. 
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in front of each lens. An image of the first development. For reproduction of tlie sounds 
grid is superposed on the second by reflection light from an illuminated slit is focussed on 
in the concave mirror 'when silence reigns, the film, behind which a selenium (!oll is placed 



riG. 48. — Photograph of a Bass Voice. 


Fig, 49. — Sound Waves from the Soprano Voice (Tetrazzini) singing high B|?. 


But when the mirror oscillates under the 
vibrations of speech, the dark spaces of the 
image move over the openings of the second 
grid, thus producing fluctuations of the inten- 
sity of the beam. The light is received by a 
collecting lens and focussed on a selenium 
cell in circuit with a battery and telephone 
receiver. 

If the light from the above photophone 
transmitter is concentrated on a narrow slit, 
an image of which is produced by another 
lens on a cinematograph film, then the varia- 
tions in intensity of the light (caused by the 
sounds on the photophone) are recorded as 
variations in the density of the film after 


connected to a telephone circuit in which 
may be heard the sounds.^ 


n. B. 
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SOUND RAITGING 

§ (1) General. — ‘"Sound Ranging” consists 
in the location of a source of sound by means 
of measurements made on the sound wave 
which spreads from the souroe. Fig. 1 
illustrates the manner in *whioh this may he 
don©. A sound originates from tb© point S 
in the figure, and is received at three stations 

A, B, and 0. At each station the time is 
registered at which the sound wave arrives, 
and so blio time intervals between its reaching 
A and B, B and C, can bo measured. A 
geometrical construction such as that shown 
in the figure then gives the position of the 
source with roferonoo to 
the surveyed stations A, 

B, and 0. If the sound 

arrives at B sooonds 
after reaching A, and at 
O ti seconds after arriv- 
ing at A, eindea are 
drawn with Ji and 0 us 
(^eiitroH and with radii ® 

Cfjual to Vf!i, VV-a, whore Fio. 1. 

V is the velocity of sound 

ill liir. 'rhe ccuitro of a circle wdiioh pusHos 
til rough A and toiiclu'iH the other two cirolcH 
Mill coincide with the point H. This point B 
may nUcruatively be regarded as the inter- 
of Iw'o h,vi)orl)olaH. If tlie tiino 
interval for llio stations A, B is seconds, 
all poHsible poHitions for S lie on a hyperbola, 
with A and B as foei, and whicli is det/Crminorl 
by tho ridntion Bli - HA Vfi. A siinilar 
hy|>erl)ola (‘an draw'n for B and 0, and the 
tW(» curves inlcMwot in S. 

It- will he clear tliiit ilie mefhocl is not 
af)l>licable to n source of continuous sound ; 
it. Clin only I)d uhcxI when the sound has ii 
sharply (hdinctl corn men <!(»■ men 1. 

'FowartlH the (‘tid of 1914, when tho fighting 
in bYnuec and elKcwlu'rt^ develojmd into 
“ treiudi warfare,” it h(‘eame clear that Bound 
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Rianging might provide a valuable means of 
.ocating hostile artillery. The batteries on 
both sides took, up fixed positions, in which 
bho guns were protected from shell lire by 
Dmplaccments, and were carefully canioutlaged 
bt) sereen them from aerial observation. 
Their location bocanio increasingly difficult. 
At the same tinu^ the stability of the front 
lino made it ])ossiblc to develop more complex 
methods of determining their positiems. For 
instance, one method which soon proved of 
great value consisted in the installation of 
obsewation ])osts at suitable points beliind 
the front line, from which bearings were 
obtained of the flashes and smoko puffs when 
hostile guns fired. These positions wore 
accurately surveyed, and the locations deter- 
mined by the co-oporation of several ]K>8t8. 
Fxperimonts were also (jommenced in the 
French and German armies, and later in the 
JJritish army, to test the pruoticahility of 
Sound Hanging, and their siiceessful result 
led to the (isiablishniout of Sound Ranging 
as a valuable means of location. 

§ (2) Sound Hanoino in Practice, (i.) 
Dijficultm of Arttviiiort.— -Although the prin- 
ciple of Sound Uaiigiug is simple, in prac- 
tice many diflicullics had to ho surmounted. 
The hattorioH to be located were situated 
from fjOOO to 15,001) metros from the points 
where it was possible to put the recording 
stations. In order that the locations may 
ho of value thevy must be accurate to within 
lOO or 200 motim A consideration of the 
dinplacHunent of the plotted position which is 
caused by errors in timing the sound shows 
that these timing errors should not exceed 
<>ne-lum<lredtli <'f a second. For this rotison 
it is impo.Hsible to use human agency to 
nmonl f-he soinul vvav(^, except under the most 
favourable coiulitious. A man recording the 
c<»mmon<HMmmt of a gun report, l)y j^ressing 
a key or starting a watch, will make errors 
of at least one-t(»nth of a second. Some 
HiKK'.oHS was attaiiwd by systems of sound 
ranging in which stop wat-cbes, or n'gistering 
nundianisms actuat<^d by tlu^ f)reHHing of keys, 
were employed ; and in the (ferman army 
these methods were (‘onlimuKl until a later 
date tlian in i.be Hritisli and French armies. 
Finally, however, they w(^re r(*])Ia(^ed by an 
automatic registration of tli<^ sound hy means 
of microphones or similar d(‘.vieeH connected 
by eabl(^ to a e(mtnil station. 

Tb(> velocity of th<^ sound wave is affected 
by the wind and is d<^i)(‘n<l(^nt on the U'm])era- 
bire, so that allowanec's must be made for 
these futdom. Both wind velocity and teiu- 
peratur(» vary with the ludght from the ground, 
and mejisunutients of tlnun made at ground 
l<*V(d will not server as a hasis for eaUmlation. 
Tliis question will be dealt with more fully 
h<^l(»w, for the calculation of the true wind 


and temperature corrections is a complex and 
difficult problem. 

(ii.) Effect of Wind . — Until experiments 
were made, it was not generally realised to 
what an extent the audibility of a sound 
coming from a point several miles away 
depends on the direction of the wind. The 
wind velocity almost invariably increases with 
the height from the ground. A sound wave 
proceeding in a direction opposed to that of 
the wind is in consequence refracted upwards, 
its velocity along the ground being greater 
than that at some distance above it. Ita 
energy is dissipated upwards, and it will not 
affect a microphone or observer on the ground 
level. It was found impossible to make 
locations when the wind was blowing from 
our side of the line towards the enemy ; the 
reports of the guns never reached the "micro- 
phones, or were drowned by other noises on 
our side of the lino. On the other hand, 
when the wind was blowing from the batteries 
towards the recording stations, the reports 
were hoard oleany and liad a sharply marked 
commencement. 

The wind, besides displacing the apparent 
centre from which the sound wave is spread- 
ing, also causes irregularities due to local 
variation in velocity. The sound wave is 
slightly distorted and cannot bo represented 
on the plotting board by the arc of a circle. 
No 2 )orfection in tlio accuracy with which 
timing is made will obviate this, and the 
errors thereby caused can only bo reduced to 
reasonable dimensions by having the record- 
ing stations a long distance apart. The 
system of recording stations, generally five 
or six in number, constitutes what is termed 
the sound-rangiTig ‘‘ base,'” ami it is necessary 
to Jiavo a huso from 5000 to 8000 metres 
in length in order to rctcord with accuracjy 
guns at normal ranges. 

§ (3) SlouND-itANoiNO vStations. (i.) T/ie 
li(m. — Fi<j. 2 shows diagram matically tht‘. 
genonil arrangement of the microphones and 
central station whit^h was employed on the 
Jiritish front. Th(^ reci<»iving stations were 
six in number. Th(‘y wore arranged regularly 
along a base three or four miles in extent, 
at positions which wen^ surveyed with extreme 
accuracy. I’ho relative positions of the 
microphones must be known to a metre, and 
tJieir absolute positions with relation to the 
trigonometrical framework to about twenty 
metres, if the locations are to bo aceuiiite. 
Th<^ base was situat(‘cl about 3000 metres 
from the front line, Kach microphone was 
connected hy cable to a central station 
behind the base, and at this station a record- 
ing ap})arat-us registered the variations in 
electrical current (!aus(‘,d hy the impinging of 
the sound on the mi(!r<>ph<mes. It consisted 
of an Einthoveu galvanometer, in which six 
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fin(‘ wires were mounted between the poles 
of tlio electromagnet, each wire being con- 
nected to one of the microphones. The 
shadows of tliese six 
wires wen-o thrown, by 
a suitable arrangement 
of lamp and lenses, 
across a narrow slit in 
the side of a camera. 

A stri]) of cinemato- 
graph film passed con- 
tinuously behind the 
slit while a record was 
being taken, and, if the 
Einthoven wires were 
stationary, the him 
W'hen developed showed 
six continuous straight 
linos wluM'o the shadows 
of the wires had ])ro- 
U'cted it from exposure 
to tlic! light. If a 
wir<* (juivered in response to a signal from 
a receiving Htalioii, tiu^ litie on the lihu 
had a (Mjrrespotidiiig “ break." ^Phe illumina- 
tion was eut olT one Inindred times a 
Hta‘ond by a tooth('<l wIkhjI 
rotating in front of the 
lamp, tli<‘ angular v(‘lo<‘ity 
of llu* wh<‘el lu'ing n*gulatod 
hy a tuning-fork. In this 
way a Heries timing lines 
was ruled a<^rosH the tilin. 

By counting the mi m her of 
lin<*s Iw'tvveen two hnuvks, 
the tinu^ interval lu^twoen 
th(' arrival of the sound at 
tb<* two stations could he 
n‘a<l. h'itj, 3 shows a typieal 
record, tliat of tbi^ report 
of j a howit'/(^r whhdi has 
r<*aclic<l all six microphones 
in turn. 'Plu' lilm has run 
from right- to b*ft, so that 
till' h'ft-hand (‘dg<' of eacli 
hnsik marks llic arrival of 
th(‘ sound. M'hc time iu- 
t<*rv;d can he estimated on 
the lilrii to 'tM)!! <if a s<*cen<l. 

(ii.) ( Utsvnuttiofi Pastes . — 

In trout of the Hound- 
ram.dnt; bast^ two forward 
ol>;-ir‘r\ idion posts \v(*n^ sla- 
ti«»m‘d. 'Phesi' wen* h<> 
jiIuimmI that eneuny guns 
wen* bt'urd at one post- or 
the nlhcr at least flir(‘(‘ 
wceonds before (he soiiml 
arrivasl at the nean‘st miero|»hon(‘. 
nb icrv«T in ('iieii post press(‘d a key wIumi 
bo heard a nnu lire, ami tin* key op(‘rat.t*d 
oloctn«*ally a switeh at the eentral slalbm 
whioh sot in motion tlu* reeonling apparatus. 


The observer kept the key depressed until 
he judged that the sound of the gun and of the 
shell- burst had reached all the microphones. 
He then stopped the recording apparatus 
and telephoned to the central station such 
information about the sound as would aid 
the computing staff to make the location. 
The film was developed and fixed, the time 
intervals read, and the position of the gun 
plotted on a chart of the surrounding district. 
An automatic means of developing and fixing 
the film was finally adopted by means of which 
these two processes could be completed in 
fifteen seconds. 

(iii.) The Microphone , — The microphone was 
of a special type.^ The report of a gun differs 
from other sounds in that a great part of the 
energy is represented by waves of very low 
frequency. In the case of a 15-in. gun, for 
instance, the main oscillations of pressure 
occur at the rate of four or five per second. 
The microphone was made responsive to 
waves of low frequency, and was practically 
unatfectod by the rapid oscillations of pressure 
caused by other noises than reports or shell- 
bursts. A gun-roport almost imperceptible 


to the ear was recorded hy it, whereas rifle 
fire, the noise of traffic, and other disturbances, 
ju-odiKu^d no effect. Tins tuning was done by 
plac.ing it. in a small ai-)orturo o])cmng into a 
1 Sec “ Mi(T<)i)lK)no, The Hot Wire,” Vol. II. 


^rua otu'uttii'd 6{/ 
tnowv Oaltoriea 



l»’IQ. 2. 


Roport raaclios No. 1 Report roaches No. (! 

Mlcrophcmo. Microphemo. 

J/ 4 



Kio. Jl.— The (Iguro Is an enlarged print of the record of a IH-cm. 

t.lui report of whi(^h has reached No. 1 microphone first 
and No. i\ mle.ropUone last. Tlu^ film has boon moving from right 
ti» h'ft while th(‘ record was being taken. The time intervals arc 
l)y vert.h’al lines, one hundr(‘d to the second, every tenth 
lint* lM‘lng'lu*avi(ir so as to facilitate eountlng. The horizontal lines 
represent, the shmhnvs of the, Minthoven strings, which lie across 
till* slit l>eh!iul which the film is exposed, and the movements of 
which ar(‘ sliowm on tlic record. 
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canister of large volume, on the ])i’inciple of 
the Helmholtz resonator, eonflfcituting a highly 
damped system whose natural period was 
about one- twelfth of a second. It was further 
necessary to devise a type of microphone which 
recorded the amplitude and wave-length of 
the sound, and therefore gave characteristic 
records. Many other sounds interfere with 
those from the gun being located, and this 
made it necessary to be able to recognise on 
the film the breaks which belonged to the 
same series. 

§ (4) The “ Ondb de Choc.” — One of the 
most formidable difficulties in measuring the 
time of the arrival of the report was found 
to be the “ Onde de choc,” or “ Shell-wave,” 
which precedes the true report when the 
observer is within a certain area in front of 
a gun which is firing. The shell from a gun 
travels initially with a velocity greater than 
that of sound, and in so doing it creates in 
the air a conical bow- wave such as is evident 
in the well-known photographs of a rifle- 
bullet in flight. This bow-wave is heard 
as a sharp crack, the intensity of which, as 
judged by the ear, is generally very much 
greater than that of the report which succeeds 
it. The shell-wave affects the ordinary t3rpe 
of contact microphone to a far greater extent 
than docs the gun-report, and generally masks 
the latter in consequence. The special type 
of microphone emi)l(‘>yed, invented by Lieut. 
Tucker and named after him, distinguishes 
between the two sounds, and the adoption of 
this microphone contributed very greatly to 
the success of Sound Ranging in the British 
army.' 

§ (i5) Location of Shell-bursts.— When 
a record of a battery in action was obtained, 
it was possible to locate the bursts of the 
shells as well as the guns which were filing. 
The distance between gun and burst told 
the range at which the battery was firing, 
and a simple calculation from the time 
interval on tho film between report and burst 
gave the time of flight of the shell. By 
comparing the range and time of flight with 
those for various typos of guns as given in the 
range - tables, a guide to the calibre of the 
piece could be obtained. Tho shell-wave was 
also of assistance in tho determination of tho 
type of gun. No shell-wave is created by 
the low-velocity shell from a howitzer, so 
that hovitzors and guns could at onco be 
distinguished. The heavier tho piece, and 
the greater tho initial velocity of the shell, 
the longer is tho time interval between the 
shell- wave and tho gun-report as hoard by an 
observer in the lino of fire. This interval 
can be calculated from tho range-tables for 
each gun, and whon tho interval read off from 
tho film is corrected for tho elevation and 
line of Hro, it is a guide in tho determination 


of type. It was also found that tho wave- 
length of the sound increased with tho 
calibre, and could be used as an indication 
of it. Finally, since the position of the 
bursts had been recorded, it was possible 
in many cases to tell tho calibre from tho 
fragments of shell and tho fuses in tho shell - 
craters. 

This information was of groat value. Tho 
number and character of the batteries on any 
particular section of front was an indication 
of the offensive or defensive intentions of 
the enemy in that area. Further, in cases 
where large numbers of batteries wore placed 
in a limited area, locations, owing to errors, 
might overlap to a considerable extent. If 
the calibre wore determined in each case, this 
mass of locations could bo resolved into groups 
which wore assignable each to one battery, 
and tho probable position of that battery 
fixed with greater certainty. 

§ (6) Wind and Temperature Correc- 
tions. — It has boon stated that wind ' and 
temperature corrections play an important 
part in accuracy of location. If rays arc 
drawn from tho source of the sound, those 
rays being everywhere normal to tho wave, 
like those used to illustrate tho propagation 
of light, then the sound will travel from 
source to microphone along that path for 
which the time taken is the sliortest possible. 
Whon the wind is blowing from tho gun 
towards tho microphone, the highe.st piunt 
on the path may be one or two thousand 
feet above tho surface of tho ground, since 
at these heights tho greater wind velocity 
more than compensates for the longer distance 
over which tho sound has to travel. Tho 
temperature may bo very difft^rent at tbost^ 
heights from that near tho ground. Tho 
problem of calculating the corrcMdionH is so 
complicated that it was found ncctwisary to 
determine them empirically. At certain 
points, at some distance behind tho front, 
microphones wore arranged on tho arc^ of a 
circle of about 7000 metros radius. Mv(^ry 
hour a charge was exploded at tho (centre of 
the circle and the average v('locity of the 
sound travelling to each mi(Toph<»no was 
determined directly. From those data vahu^s 
for tho “effective wind and tenifwiratun^ ’* 
could 1)0 calculated which, when applied as 
corroetions to tho results obtained by sections 
at the front, brought their locations on to tho 
true gun ixmitions. Tho effective wind and 
temperature found in this way were n(‘arly 
the same for all the stations on the front, 
except wlion some rapid cdiange in the w'catlu^r 
conditions was taking place. Jiy comparison 
of those results with tho meteorological data 
measured in the ordinary way, empirical 
relationships between them were formulated 
which could ho used when the sijocial installa* 
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tions to measure wind and temperature w^ere 
not in action. 

§ (7) Mtsthod OB’ Use. — Sound Ranging could 
only be employed when the front remained 
stationary f(jr several days at the least. In 
installing a section, a base must bo planned and 
carefully surveyed, ■i)ositi<)ns made for the 
microphones, central station, and advanced 
posts ; some forty or fifty miles of cable laid 
in an exposed situation, the apparatus set 
up, and the chart constructed on which the 
results are plotted. The time necessary to 
carry this out was reduced by training and 
expcrieiuio to two or three days, and could no 
doubt be still further reduced by improved 
methods. If a method of wireless trans- 
mission of the signals could be devised, it 
would obviate the labour and delays caused 
by the (lonatiint cutting of the cable by 
traflic and shclUfire. Though the use of 
Stumd Hanging has hitherto been restricted 
to conditions of stationary warfare, it may 
dev<^lop into a moans of location available 
under all csonditions. 

SouNi>iN<j MA<inr*VF 2 s. See “ Navigation and 
Navigational Instruments,’' §(17) (iii.). 
Si>A(’K-i,ATTi<’i«2s defined by Krankeiiheim and 
Bravais, fourtwn in numl)er, fundamental 
to the 230 mo(l(w of arranging points in a 
homogeneous structuro such os is possible 
to crystals. “ (VysttiUograi)hy,” § (11). 
^Spark-oap : the maximum sparking disbxnco 
iK^tweeii point or sphere eleetrodos, tho 
degrcHS of separation being a measure of tho 
applu’d voltage. Sw “ iWUology,” § (20). 

fipKcrr'Ki H rat ok (O.ahs. Bee (Jhms,” § (28). 

Srwc’iKro iNOimTrvR (Iapaoity of (Ilass. Bee 
“ dlass," § (30). 

8i»ki’Ikkj Hkhimtawik ok (h-AR.«i, 8e© “ Glass,” 

§ 

Sl*H(TUA : 

Ar(‘ and spark, l<\>wler’s work on. Se(^ 
“ Sp('(*f roseopy. Modern,” §(11). 

Batul ; a type of Kp('<'f rum, usually *iHHoeiat<Ml 
with the Hp<H*tra of eompounds or mole- 
<’ul(*s, whieli are (‘omposed of bands; that 
is, of groups of liiu'H whieli <'onverge to 
didinitc IunkIs, the head a hand being 
fri*(iuently tiu* strongest Iin(^ in the band, 
’riu^ lines in a Heri('H of bands may be 
repnw^nted by the formula 

/r f-Bw® I d, 

whim* A, H, Cl are <’onHtaiitH and m and n 
inti'gers, ifml, § (12). 

(’lasKilieaiion of luminous, into two el asses : 
(1) continuous si>e«dra, due to the radia- 
tion of healed Holhts ; (2) diseontinuous 
Hpc'ctm. in general pe<mliar to luiuinous 
gase.s. iS(‘(^ ihiif. §(2), 


Disi3ersion and resolution in. See Diffrac- 
tion Gratings, Theory of,” § (0). 

Overlapping. See ibid. § (7). 

SrECTROMETER. See “ Spectroscopes and 
Ref raetometers. ’ ’ 

Adjustments of. See “Spectroscopes and 
Refraotometers,” § (8). 

Hilger’s Constant deviation tjrpo used as 
monochromatic illuminator. See “ Im- 
mersion Rofractometry,” § (7). 

SPECTROPHOTOMETRY 
I. Introduction 

All sources of illumination, such as the sun, 
the electric arc and spark, the inoandesoont 
electric lamp, the gas and kerosene flames, 
tho liro-fly, and countloss others, emit what is 
known as radiant energy. When this imjiingos 
upon any obstacle and is in jiart absorbed, 
there is, in general, a rise of temperature of 
tlie absorbing substance. Other manifesta- 
tions of the recoiition of radiant energy are 
also well known. Some kinds, for instance, 
when reaching tho retina of the eye give rise 
to tlio sensation of colour, some cause blacken- 
ing of a photographicj plate (when it is exposed 
and developed), some give rise to an olootrio 
ouiTont under certain conditions, and so on. 
The time-rate of transfer of radiant energy is 
called the radiant power, and this may, of 
course, bo expressed in the same units as 
other power. It has become of groat import- 
ance in many branches of soionoc and industry 
to bo able to analyse qualitatively and quanti- 
tatively the radiant power which any source 
omits, or that which a given material may 
transmit or relleet. 

When this radiant power is examined by 
moans of a prism and the resulting speetnim, 
it is found that only a jiart is viHiblc to tho 
eye ; that beyond tho hrI end of tho Hpeotruiu 
is a larg(' invisiblo region, eallod tho itifta-rtd, 
which may bo detoctod by means of the rise 
in toinporaturo of various kinds of sensitive 
radiomotors ; and that in tho other direction 
beyond tho violet is a second invisible region, 
(uillod tho ultra- violaU'whUiix may, if suffloiontly 
intenso, bo detected by these same radiometers, 
but inuc.h more easily by tho photographic 
plate or photoeloctrio cell. 

Tho usual typos of radiometer, which depend 
for their aedion primarily upon the heating 
olTcet t)f tho incident radiant power, are non- 
Hclectivo as regards wave-Umgth or frequency, 
and can be uh<hI to irfcasure this ])ow'(t in 
absolutes quantities. The eye is dilTerent 
from the radiometer, h()W'(w<M’, in Ixdng 
sensitive to only a paid/ of the radiant power 
from any sourtxs that pait by dellnition being 
t.ht^ visiblt^ n^gion of the spectrum, It is also 
dififorent in that it cannot give the absoluto 
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value of this radiant power. When, however, 
two beams of light of the same quality and 
brightness are brought into the proper juxta- 
position, the eye can detect very small varia- 
tions of brightness in either beam provided 
the other remains constant. Therefore, if the 
proper means are available for varying the 
brightness of either beam, the two may very 
accurately be brought to the same brightness. 
This fact is the fundamental basis of photo- 
metry. 

SPHCTRorffOTOMHTBY, strictly speaMng, is 
the visual measurement of relative radiant 
power as a function of wave-length or fre- 
quency. The term, however, is usually not 
limited to visual methods ; it is often made 
to inolnde also certain radiomotrio, photo- 
electric, and photographic methods of measure- 
ment used not only in the visible region but 
in the ultra-violet or infra-red. The term is 
so used herein. The kinds of work are many 
and varied, but may be classed, in general, 
under three heads : 

(i.) The measurement of the relative spectral 
listribution oj radiant power of sources of light. 
If the absolute or relative spectral distribution 
is known for any one source, used as a standard, 
the others may easily be computed, 

(ii.) The measurement of the spectral trans- 
missive properties of transparent materials, 
such as eye-protective or signal glasses, dyes, 
oils, and all kinds of orgkiio and inorganic 
solutions — ^in fact, solid, liquid, and gaseous 
matter of great variety. | 

(iii.) The measurement of the diffuse spectral 
reflection of opaque objects, such as paints, 
cloth, paper, and so on. Magnesium carbonate 
or oxide is usually taken as a standard white 
for comparison purposes. 

SpiOTBOPHOTOHiirBV is generally admitted 
to be the fundamental basis of colour specifica- 
tion. “ A spootrophoto metric table, derived 
from at least twenty-five points (for a con- 
tinuous spectrum), gives the only unique 
description of a colour, and it appears probable 
to the writer that the requirements of precision 
technical colour measurement are most likely 
to be met by the development of simple and 
rapid means of plotting and recording accurate 
spectrum plots of reflection or transmission 
characteristics.” ^ The large and growing 
demand made by industrial and commercial 
as well as scientific interests for the standard- 
isation and Bpeclflcation of colours may be 
partly realised by referring to a paper on 
“ The Work of the (U.S.) National Bureau of 
Standards .on the Establishment of Colour 
Standards and Methods of Colour Specifica- 
tion-” ® The relation between spectrophoto- 
metry and oolourimetry will be brought out 
more fully in Tart 11. 

^ Ivos, Jour. Frmklin JnsL, 1916, clxxx, 700. 

* Priest, Trans, 1018. xiii. 38. 


It has not been attempted to give a liistory 
of the science of spectrophotometry nor a 
complete bibliography. Such \vill ho found, 
up to the year 1005, in Kaysor’s llandbucJi der 
Spectroscopie, vol. iii. A fairly detailed do- 
soription of visual instruments in use U}) to 
1909 is also given in Kriiss’ Kolormictrie und 
Quantitative Spektralanahjse. Tho rciforonoos 
given herein, however, cover the field in a 
general way ; and a study of the papers cited, 
together with the references wliich they in 
turn suggest, will load ono directly into a 
comprehensive study of the whole subject. 

Most of the different typos of visual instru- 
ment are mentioned heroin. Since certain 
fundamental principles underlie the use of all 
of them, one of those instruments has boon 
selected for a detailed description of method 
of use. The instrument and method so 
selected have been proved accurate and reli- 
able by direct and extonsivo comparison of 
results with those obtained by other methods, 
not visual Tho photoelectric and photo- 
graphic methods so tested arc likewise, by 
this intercomparison, proved accurate and 
reliable. They are both null methods and 
eliminate many possible errors, unoortaintios, 
and dificulbios. Eooauso of their importance 
in confirming and extending results obtained 
visually, those arc also described in detail. 
A fourth method available in this inter- 
comparison of methods has boon the thormo- 
eleotrio method, This is briefly doscrihed, 
but tho large and important subject of speotro- 
radiometry in the infra-red is otherwiso un- 
touched. This fourfold comparison of methods 
has made it possible to found a statomcnt ni 
the accuracy at present obtainable by spectre )- 
photometric methods upcm a basis of fact 
rather than of oi)inion ; i)ut there is no reason 
to believe that tho accuracy obtainable may 
not be still further incroasocl by further work 
along this lino. 

II. Eblation or Spbctrophotomktry 
TO COL.OTJRIMMTliy 

§ (1) Thb Nrtcd pon a RKCoaNisED Nomew- 
olatube and System ov Standards. — F or 
an intelligent discussion and understanding 
of any science there shoul<l bo available an 
exact and well-known nomenclature and 
system of standards. Otherwiso ono is under 
the necessity of giving detailed dofinitious 
of aU. terms used if ho wishes to bo sure that 
the reader will understand by tho terms what 
he himself has in mind. This has been largely 
the case in papers on spectrophotometry, 
especially those which have reference to tho 
measurement of tho transmissive properties 
of materials, which part of tho science has 
probably had a wider field of application 
than the others. 
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Tho Bcicuoos of apoctrophotometry and 
colourimetry are inseparably connected ; and 
a majority of tlxo terms and expressions used 
in one arc also necessary in the other. An 
effort to eliminate tho present confusion in 
tho nomenclature of tho science of colouri- 
nietry has betm initiated by tho Optical 
Society of America and a preliminary report 
mado.^ Tho following ■I)amgraj)h from the 
introduction to this Ro])ort is very j)Grtinent in 
this connection : 

In the field of eliroinaticH and colourimetry, expc'ri- 
ment and knowlcnlge have outrun cutabliHho.d and 
rc(!ogniHed languago. Tlu'rc arc many luimcn for the 
saiiKs thing and many dilTcrcMit IhingK dcHignated 
by the same name. I'rogrewt rt‘<iuireH tho co- 
op(‘ratiou of indivulualH and tho co-ordination and 
discussion of rcHults ; nn<l co-op(‘ration and cUHCUHsion 
ani primarily conditioned ujKin unambiguouH 
language. While numerous })leaM for stundardiHatioii 
and some detached n'eonimendutioivH f<»r particular 
dofinitiouH and temis have made in the past, 
no attem])t at all eommensumte with tlu" magnitude 
aiul importjmet* <»f the Hubj«*et h«i« Ihh'U made to 
formulate and pn^sent a eonHist(*nt organised Hystciu 
of noinemdaturt' as <‘xt(*nHiv(‘ as is haind lUHicssary 
in pnvetie(‘. Prolaibly the most urg<‘nt n(‘wl of 
eohairimotry is th<‘ (‘stablishinent of a n'c-ogiiised 
n(»menclaiure and systtun of standards. 'J'o one not 
thoroughly familiar with the Huhjwt, the inHistence 
uistn this, au<l particularly the elahorntc' and exten- 
sive Bystcm with line distinetiims of nu>auing to Iw 
set forth in this n^port-, may appear pedantio and 
academic. Not so to him wIkmk? daily work is in 
thin field, for in liis preparat ion of reports and onlinary 
coiiversation with his oolleaguiw and assistunts, he 
is continually iiuumvenioncMMl nn<l annoyed iiy tho 
clnmmlocution and miHunderstanding w’casionotl hy 
la<ik of suitable U'nns an<l symbols to expn^w his 
idtsas and findings <',og(‘!itly and without ambiguity. 
H<i finds tljnt th<‘ onlorly and ofl’antmt conduct of 
luH work e()in|K*lH him to asHume the tediouH and un* 
piwisant bisk of formulating a nonienclniurc. Tliis 
lUSJcBHity is the eauw^ of tho present reixtrt. 

Certain part.H of this Notnom datum Ro])ort 
arc of H]M^<'ial value for th(^ scuuicc of speetro- 
])h(>ioiindry, and an^ t.li<*r<‘fore pres<*i\to(l hero. 
All tho jpudations in Part 11. of tho jmosont 
article arc taken from that Kepoit. 

§ (2) < JK.N'KItAli TkuM!N<H, 0<JV. --*‘(k)LOUH 
is the dti(‘ to Htiniulathm of tho 

optic IKTVt*.’' 

‘‘ Pulour nmy be (‘VoIomI l^y vanmm stiinuU 
acting on the opfi<^ U(‘rve, f<»r example, 
metdinnh'ul uud oltMdrical stimuli ; but tho 
only oiu' of wdtli wliieli we shall bo 

mueh eoiieenuxl is liifhl (set* tUdlmiiou below), 
wldeh may bo trailed tho proper or ordinary 
ntirnuluH of colour. 

In utUu^ring to tlu* striotly subjeotivo 
(hdinitiou of colour we are not c*Ht<»p|Mul from 

‘ optical Society of America. <*omialttec on 
Noincnclatiire and Stnndnrds, Hnb-couimlttee (»n 
r«il<»urlmclrv, 1. <J. Priest, Plmirnmn, liHU 

(Preliminary Pratt), T.H. Uureaii of StamlardH 
lAbniry, WiiHlilngton, O.C. 


tho use of such convenient exx^rossions as 
‘ the colour of light,’ or tho ‘ colour of a 
material,’ for wo x)rocoed consistently to 
delinc ; 

Tho colour of light as the sensation which 
that light evokes ; and 

“ The colour of a material as tlio sensation 
evoked by the light transnaitted or roflectod 
hy that material under specified conditions 
of illumination,” 

OnROMATtcis is tho science of colour.” 

“ doLouRiMKTuy is the science and practice 
of dotorniining and specifying colours by 
roforonco to tho stimuli and conditions which 
evoke them.” 

“ LioiiT is radiant pmver multiplied hy tho 
VISIBILITY of the> radiant x>ower in qucHtion.” 

“ Radiation is the proccMH by which energy 
is proj)agate(l through sj)aco. ...” 

“ l^ADiOMKTUY is tho moaHureTUGHt of 
radiant energy or radiant power.” PJpootro- 
])hotometry is thus seen to bo oim branch of 
radiornotry. 

“ The SPKOTiiirM is a graphic arrangonujnt 
or setting in order of radiant energy with 
respect to wave-length or frequency.’* 

The wave-length uni la which are oonvoniont 
for use in Hp(H*'((r<)])hotomotry are tho micron, g 
(ono-millionth of the metro), and i\\o milU- 
micron, n\p (one-thousnudth of tho micron). 
TJio latter unit is used throughout this article. 

“Bitird^iANOK is that attribute of colour 
w’ith<xut whi(di colour cannot exist, tho 
attribute in rospoct of which all colours may 
bo olassilied as equivalent to one or another 
of a Hiirics of grays of whicdi black and white 
are the Uwminal memhorB.” 

“ Hum is that attribute of colour in respect 
of which it (UfTers from (7r«yi the attribute in 
respect of which colours may be classified as 
red, orangCy yellow, green, blue, rnolei, and 
purple., or their intc'rnvediateB.” 

** Saturation is the (UHtiuctness or vivid- 
noHH of 

‘'Quality is tho property of colour due to 
its hue. uTid saturation,''' 

§(3) Mktuodh ok Skmoikyinu (Iolour.— 
“ A colour may be Hpeifibed by roforonco to 
stimuli in the following ways ; 

, “(i.) ,Hy specification of tho identical 

radiant p'owTtr actually evoking the colour, 
both in reganl to 

{a) Its total amount, 

(/>) ItH sp(H^tral distribution. 

•‘The crude H[M‘('ifi('atioii of spectral (listribution 
r<‘f erring roughly to speotrnl regionn ratiher than 
ptiiutH is Konu'timcH used for Kpc'cial piirpoflcs,* 
but its limilatitniH iniiHl. be k(‘pt in mind. 

“'rhe ptrlinl Hj>(‘(’ill(uit,ien of Hpcrtral dislributioii 
umy Iw' used an a colour Hpmficatien in particular 

» 1 vcH. Tint PhoUmeter, ir<‘HH-rvcs( ‘n., Phllndobhla j 
HInrk, ** Pic Kcnnzclclinuugdcr Karbe dc» blohtcB/ 
MleHTut, 1013, xlvl. UiOtl. 
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oases, ^ but as in the c4se above, its limitations must 
be oarofully observed in order to avoid orronoous 
oonolusiona.’* 

“ (ii.) By specification of a stimulvis empiric- 
ally found to evoke the same colour in 
juxtaposition. 

“ There are, in practice, several important 
special cases of this. They are ; 

“ (a) The stimulus composed of hetero- 
geneous light of ■ the spectral distribution 
which alone evokes the colour gray plus 
homogeneous light — ^tho wave-length of the 
latter, the total light, and the ratio of hetero- 
geneous to homogeneous light all being ad- 
justed by trial and error until the sensation 
evoked is exactly like the colour to be specified,^ 
This method we call homo-hetero-analysis. 

“(6) The stimulus composed of lights of 
three (or more) different freq^uencies (or 
frequency ranges), the relative and absolute 
values of which are adjusted by trial and error 
until the sensation evoked is exactly like the 
colour to be specified.® 

“(c) The spectral distribution of energy of 
the stimulus modified by rotatory dispersion, 
and its total radiant power adjusted in any 
way by trial and error to evoke a sensation 
exactly like the colour to bo specified.* 

“(d) The spectral distribution of energy 
of the stimulus and its total radiant power 
modified by the selective transmission, of 
glasses or solutions ® chosen by trial and error 
to evoke a colour exactly like the colour to 
be specified. 

“(c) The stimulus being radiant power 
from a complete radiator (‘ black body ’), the 
temperature of which is varied until the 
quality of the colour evoked is exactly like 
that of the colour to be specified, the spectral 
distribution of energy being a known function- 
of temperature.” 

§ (4) The Fuitdamintal Physical Basis 
OF OoLorRiMETRY,— “ The method indicated 
under (i.) of § (3) is, of course, the primary 
basis of oolouximetry.” In this connection, 
note the statement by Ires ® already referred to. 

^ Priest anti Peters, Jiur. Stand, Tech. Pap. No. 02. 

* Bozold, Thmu of Colour, Eng. trans. by Koehler, 
Am. Ed., 1876. p. lOO ; Rood, -Modem Chromatics^ 
1879, chaps, iii. and xiv. p. 213 ; Abney, Colour 
Measureramt and Mixture, 1801, chaps, iv. and xiii. ; 
Nutting, JBur. Stand. Bvll., 1013, lx. 1 ; Jones, 
Trans. I.M.S., 1914, ix. 687 ; Priest, Jmr. Wash. 
Acad., Fob. 4, 1016, 

“ Maxwell, Colour Box,” J. Clerk-Maxwell, Sd. 
Pap. 1. 420: T. E. Ives, Jmr. Franh. Inst., 1907, 
clxiv. 47 and 421 ; Howland, Science Conspectus Soc. 
of Arts, Mass. Inst, of Tech., 1910, vi. 29 ; Carpets, 
Wall Papers, and Curtains, Eeb. 2, 1918. 

* Konig, Ann. der Phy., 1882, xvii. 990 ; Melsberg, 
Zs. fUr anal. Chem., 1904, xliii. 137 ; Arons, Ann. der 
Phys. (4), lOlO.xxxiii. 799, and ibid. (4), 1912,xxxix. 
645 ; Priest, Phys. Rev. (2), 1917, ix. 841, and ibid. x. 
208. 

“ Lovibond tintometer ; “ Amy’s Solutions,” 

H. V. Arny, Jour. Ind. and Bug. Chem., Oct. 1919, 
xX. 950. 

* Ives, Joum. Prank. Imt., 1915, clxxx. 700. 


“ Eadiometry, m its viost general senM, is 
the key to all fundamental work in colouri- 
metry. Some empirical testing and comparing 
may be done without direct rofcrcnco to it ; 
and its bearing on tlio subject may not bo 
obvious to the casual observer of routine 
testing ; but the essence of all fundamental 
standardisation is raduunotry. Note the 
following : 

“ (a) The fundamental roferonoc standards 
of colourimetry are light sources of specified 
energy distribution. 

“ (6) The most important si^ecification of 
the colour of a transparent plate is its spectral 
transmissioji. 

“ (c) The most important specification of 
the colour of an opaque object is its spectral 
reflection. 

“ If two transparent objects have identical 
spectral transmissions, or two opaque objects 
identical spectral rofloctions, they will evoke 
colours exactly alike in ligM of any spectral 
energy distribution. Moreover, this is the 
only form of colour specification for matorialo 
which will ensure this result,” 

§ (5) TBCHNOLOaiCAL APPLICATIONS OF 
Spiotrophotometry. — The following ex- 
amples will illustrate t(^ what uses the science 
of spectrophotometry has been or may bo put 
as regards its technological : 

Many vegetable oils, such os cotton -seed 
oil, for example, have for many years been 
graded from the standpoint of their colour, 
approximate and omiiirical methods being 
used. The present status of this work, ami 
the growing demand that the standarcliRation 
be put upon a spootrophoto metric basis, may 
be noted by referring to recent numbers of 
the Cotton Oil Pre.ss.’^ 

Accurate spoctrophotomctric data are of 
value in. the analysis of dyes,® or would be if 
such wore available to any groat extent. The 
concentration of all kinds of solutions might 
also be dotominod from known transmissive 
data. 


The great importnnc',o of st'onring nchHjiiale protec- 
tion from injuriotis mdiant energy is now well 
recognised, and a largo numbe^r of glasHes on the 
market advertised to protect tli(‘ eyes from the iihra- 
violet and infra-red and from cx(!esHive brightness in 
the visible region. 8inco both tlio amount and the 
wave-length of the transnritted energy detemTiino 
the value of these glasses for proteetive purposos, it 
is obvious that thoir transmission eurve^s shotilci be 
accurately known. The results stich a study on 
a large number of glasses in the ultra-violet, visibh*, 
and infra-rod have been puldishod.® The last <»f 
these papers gives also the specitrnl transmission of 


’ Chemists* Section, conducted by the Amoriean 
Oil Chemists’ Society, e.g. Jan. 1921, pp. 42-44. 

« Mathowson, Assoc. Off. Chem. vol. ii. No. % 
p. 184. 

* Bur. Stand. Tech. Pap. No. 93, 191 7, 3r(l. ed., 1919 : 
No. 119, 1919 ; No. 148, 1920. 
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coloiuTil railway Bignal gliiHHes and of glasROS naed in 
ultra- violc-t Hignalliiig. 

»SeU‘clivc ray iiltora, both of glass and of dyed 
gelatine films, are now' widely used to inorcnse 
viaibility (i.c. the ability to sec clearly).^ This is 
true not only visnally, but luis become of groat 
im})<irtJine<‘ in aeroplane ])hotogr»tphy. Tlw* increase 
in visibility is brought about by absorption of the 
shorter wave-lengths, and the spocdral transniiasion 
of the glosHw and dyes usocl is necessary to make 
any intelligent study of the subject. Other lilters, 
osptM'.iaUy the dUihroniatic red- blue kind, arc of 
value in tli(‘ doU*ctioii of ohromatio (‘ainoullage. 

III. Visual Instritmekts 

§ (0) GknKRAL CllARAdTRKISTlUS. — Tho 
visual spectrophotometer^ as tho namo would 
imply, is really composed of two soparatoiuHtru- 
ments, tho Bpeetrometer and tho photoinottu* ; 
and various problems in tho construction 
and use of these instruments are, therefore, 
l)reseut in their eombination. Those which 
iiavft spcMual refereiiee to spc'elrophotoinetry 
as a single and separate seienee will bo dis- 
cussed at the proper phu'.es. 

(i.) The Photometric Field , — In practically 
all visual spcujtrophotometers two beams of 
light (beams I and SJ) of approximately the 
same wave-length are finally brought to form 
the two parts of what is ealh^l a photo- 
nud.rie or comparison field, which may he 
viewed by tho eye, and tho brightnosa of one 
or both pai’ts of which may bo variotl at will 
in a known manner, tho two i)artB being 
finally Immght to a match — that is, to an 
equality of i)rightncHS. 

Homo of the common typos of photometric 
field aro shown in /if/. 1 . Tho liglxt in paits 



1 un<l 2 <’oines fnun lusims 1 and 2, n'spectivcly. 
'Pypi' h is slighfly <UfT(U'(‘n1. from the othei’s 
an<l is known as a (utnlruMf lield. Its (ton- 
strucliun is mieh that the trape/.(ii<liil parts an* 
slightly darker than tlx^ surrounding fiehl, 
('quality of contrast ladiig tlu' criterion for a 
match. TyiH' K is that usually oht.ainiHl when 
HHiinpb'Hpecf nnnefer with eyephw is used, tlm 
liglit in i)artH 1 and 2 coming from diftfu’ent 
parts of the saim^ slit. N[<» one of thcs(' t-ypc« 
lias any spechil advantag(' (»V('r the others, 
unless it is ty|m B, which is proimhly k'ss 
fatiguing to tln^ eye, and in tlu** faint md and 
hlu(‘ in*>m simsitivc than tin* otlum 

(ii.) ('tmdilinns for llitjh ScuHlhility. * 
thie of the most important conditions for 
‘ Vhjfs. lin\ (ii), lUtn, xlv. 2(U. 


obtaining maximum sensibility is that the 
dividing lino or lines between ])ai*ts 1 and 2 
of the photometric field should bo as fine as 
possible and should disappear when tho match 
lias been made. Another essential condition 
is that the field ho of the proper angular size. 
A field subtending an angle of 3 to 5 degrees 
is considered very suitable. These two con- 
ditions are, of course, understood and, so far as 
possible, complied with by tho makers of com- 
moroial instruments. 

A third condition for obtaining maximum 
sensibility is that tho field bo of tho proiior 
brightness. In spectre )pliotomotry one is seldom 
troubled by having too much light. For 
tho sake of the moasuromoutR in tho low- 
visibility })art8 of tho spectrum — tho rod, blue, 
and violet — one should, in general, strive to 
have as much light as possible available. If 
tho Hold becomes too bright throughout tho 
green and yellow% it may easily bo reduced 
by narrowing the slits of the instrument or 
by means of rotating Hoetors. It is also very 
important for accurate work that each separate 
part of th<i field be of unifonn brightness. 

Ill addition, tho oyc^ sliouUl bo protected 
from all stray light ; tho room should bo 
dimly lighted, if at all ; and if tho observer 
has to rectord his own observations, tho 
illumination of tlie record sheet should bo as 
low OB can bo used. A single glance at a bright 
sheet of paper or other light may incapacitate 
an observer’s eye for several minutes if ho is 
working at low brightness. 

WitJi any inHtnimont or nK'tliod, too, there will 
b(^ (jcrlain oonditLons under which mcaHuromontH 
may \hs made with maximum pn'ciHion ; and every 
iuMtrunumt should be Htudii'xl and URod with thin 
in mind. Ifor (‘xainpk'i, at what value on tlio scab 
{i.e. at what slit-width, at wliat diHtaiu^c, at what 
angle of the nitiol, (‘te,), at what eoruunitration and 
thicdiiM'HH of HoluUon, oto., will ilie ixM'tvniago error 
ill IIk' tinnl n'Hult- be tlu' U'list if an error of one 
division is niiuU^ in the Hotting? Much a Htudy is 
too often ni'gloeled. 

(iii.) The Hoarecs of lllutni nation, — When 
the r(^lativ(^ spec.tral distribution of radiant 
power of a light, is to be obtained, the follow- 
ing eHH(*ntial conditions should hc^ ni(*it : 

((() A source of illumination must l>e avail- 
ahlo whoHi' ndatives specl.ral radiant power is 
a(UMirat(‘ly know'n, so that ii may be used as 
a standard, 

(h) Light from this standard and from the 
unknown Houn^e must he subject to the same 
conditions ; that is, they must travel along 
kkmfical paths and b(^ compared in turn with 
the* Hamo illiiminaikm, supjiUocl by a third 
source. 

(r) All th(^ sources of iUnmination must bo 
kept of (xinstant value while mcajBuroments 
an*! being made. 

If the spectral transmissive or reflective 
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properties of materials are to be studied, the 
apparatus should bo so constructed, if possible, 
that the following conditions are true : 

(а) The two beams of light should originate 
from the same source, so that fluctuation will 
not introduce errors. 

(б) It should be possible to obtain diffuse 
spectral reflection as quickly and as accurately 
as spectral transmissive properties. 

(c) In work on transmissive properties no 
error should be introduced or correction needed 
because of the change in length of the optical 
path caused by the beam traversing the 
specimen. 

{d) In reflection work the illumination of 
the surface should be as nearly as possible 
equally diffuse from all directions, and the 
sample should be studied from a direction 
normal to its surface. 

(fi) The illumination should be intense 
enough to permit of very narrow slits being 
used ; for the narrower the slit the purer the 
spectrum and the more accurate will be the 
measurements. An intense source of light will 
also make possible further and more accurate 
readings in the red and violet. 

(/) In addition to heterogeneous illumina- 
tion, sources of homogeneous illumination 
should be available at as many different wave- 
lengths as possible, that all slit-width errors 
may be completely eliminated and the hetero- 
geneous readings chocked. 

(iv.) Methods of varying the Brightness of 
the Photometric Field , — Different well-known 
methods arc available for varying the amount 
of light which comes to form the parts of the 
photometric field. In spectrophotometry the 
actual amount of light which enters the slits 
of the instrument is not required ; it is 
rather the relative amounts under specified 
conditions. 

One may vary the brightness by varying the 
distance of a small source of light from the 
slit, the amount of light entering the slit for 
any two positions of the source being inversely 
proportional to the squares of the distances 
between the source and slit (or screen before 
the slit) in the two oases. This relation is very 
accurate, provided the diameter of the source 
is very small compared to the distances being 
used, e.g, 1/26. 

A second accurate method is to use a pair 
of polarising nicol prisms in the path of the 
light. The light transmitted is then zero when 
the niools are crossed and a maximum at a 
position 90 degrees from that, and the amount 
transmitted at intermediate positions is pro- 
portional to the square of the sine of the angle 
measured from the position of extinction. The 
faces of the nicols should be perpendicular to 
the direction of propagation of the light, the 
light entering the first nicol should bo un- 
polarised, and the first nicol only should bo 


rotated. Other combinations of polarising 
prisms may be also used, such, for cxaiuplo, 
as three nicol prisms (the middle one being 
rotated), or a Wollaston prism and nicol. 

Varying the widths of tlio slits is a method 
often used with certain typos of instruments, 
the brightness being taken i)roporti()nal to the 
slit- width. This method is, however, bad 
at heart,” and should not bo used where other 
methods are possible. In order to secure a 
suitable range of variation the slit-width has 
to be varied from a largo part of a millimoiro, 
which includes too much of the s})octrum, 
maldng it very impure, down to a few 
hundredths of a millimetre where errors due 
to diffraction from the edges of the slit may 
become serious. It is probable, how'evor, that 
this diffraction error is approximately elimin- 
ated by subtracting 0-02 mm. from all read- 
ings.^ The error resulting from the use of too 
wide a slit may become enormous if, for 
example, one is measuring the transmission of 
substances like didymium glass or the solutions 
of certain rare earths which have very strong 
and narrow absorption bands. Methods for 
making the slit-width correetion have l)oon 
derived.® If it is necessary to use the slit- 
width method of varying the brightness, a 
thorough calibration should bo made with a 
rotating sector or other moans under the same 
conditions of wave-length and brightnoas as 
are to bo used in the investigation. 

A fourth method of varying the brightness 
is by the use of rotating sectors at speeds 
where flicker is no longer noticeable. The 
transmission of the sector as judged by the 
eye is accurately proportional to the aperture 
being used. Where this cannot bo clianged 
while the sector is rotating, the method is 
of greatest use as an auxiliary to increase 
the range of other methods. Soott^rs whoso 
aperture may bo changed while in ojmration 
have, however, been designed,® and in tins 
form the method is as accurate and con- 
voniont as any other. 

Other methods are somotimes used, such, 
for example, as interposing an absorbing wedge 
of varying thickness in the path of the light • 
hut these are, as a rule, not as suitable as the 
others naentioned. 

(v.) Calibration of the Dispersing Prism, 
— In spootrophotometrio “work the wave- 
length (or frequency) calibration need not be 
made as exactly as is required for most 
spootrosoopio work. Because the amount of 
the spectrum being examined at any wave- 
length is usually one or more millimicrons, it 

1 Nichols and Merritt, Thus. Tiew, 1011), xxxi, 502. 

“ Ibid. XXX. 328 ; Hyde, Astrop. Jour., 1012, xxxv. 
237. 

® Hyde, Astrop. Jour., 1912, xxxv. 257; Abney, 
Researches in Color Vision, p. 08 ; Brodhiin, Xcitschr. 
f. InstrJe., 1907, xxvii. 8. The instnmi<mt deHcribecl 
in the lout reference lias a rotating boa in of light and 
a stationary but variable sector. 
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is as a rule sufficient if the calibration can be 
guaranteed to a few tenths of a millimicron. 
The use of syminotrically opening slits is, of 
course, highly desirable, so that changing the 
width of a slit will change the effective wave- 
length as little as possible. 

The usual method of calibration is to locate 
the position of a number of well-knowm si)octral 
linos on the arbitrary scale of the instrument. 
(If the scale is already graduated in wave- 
lengths it should bo checked very carefully 
before using.) These linos should bo well 
distributed from the extreme red to the 
extreme violet, no oxtensivo part of the 
spectrum being omitted. As a rule, the more 
linos one observes, the more accurate \vill bo 
the calibration. The sources often used for 
this purpose include the mercury, helium, and 
hydrogen vacuum lamps, and the electric arc 
of metals like cadmium, copper, zinc, etc., 
whoso spectra contain not too many linos. 

The known values of wave-length, or fre- 
quency, and the oornss ponding readings ou 
the arbitrary scale of the spoctropluitoiuetev 
should be plotted to a i)roper scale and a 
smooth curve (iarefully drawn through those 
points. It is then a simple matter to obtain 
the value of the arbitrary -scale nuiding for 
any desireil wave-lengtli or frocpieney. U!ho 
frtHiuem^y curve will bo found to have much 
less curvaturts and is therefore safer to uso 
if but few known values are available. 
Kmpirical equations have Imhui found which 
represent the wave-length curve quite acou- • 
ratoly and which may be obtained when 
three or four liiuw? well distributed over the 
range to l)o used have boon acouraUdy located. 
The constants of the ocpuition having boon 
obtained from those values, it may then bo 
used to compute the value of the arbitrary- 
scale reading for any dt^sirecl wave-length. 
Tlie use of etiuaiions, however, is apt to be 
quite laborious, and the graphicod method first 
mentioned is ordinarily Hulliei(mt. 

§ (71 Indiviuuaii Tychh. (i.) 77/c IjHmmer- 
[irodhun Hiurtrnphdn meter, lamiiner- 

Bnxlhnn sjxM'trophotomcler ^ is a wtdl-known 
instruinont, a brief ih'Sf.ripiion of which will 
illustrate Homo i>f tln^ points already num- 
tioiK'd. (A nundi morn ctunplide illustration 
of tlu' viiriouH principles tnnUM’lying tlie use (»f 
any Kpoctroj>liotnnud(‘‘r will be found in Part 
IV.) An outliiK' dingrain (plan) of the instru- 
nieiii is shown in /<*/(/• light in boams 

1 and 2 enters hUIh Sj ami rcHptwtively of 
enUimatorH and ’‘Ig, uml is nnuh* parallel by 
letiMeH and 'I'iiese two lieams of parallel 
light thou tlie lannmer-Brodhun (mix) 

at right angles to eiudi other. 

'riiis eulm is eomposed of two pieres of 
glass. Part 2 is a right-angh'd total -ref lection 

• Zt'ilHchr, f, IuHlrk.t xll, U‘J, Hco **Ph<Jto- 
iiu‘trynu*l Illumination/' 


prism, and if used alone would reflect all of 
beam 2 towards P and all of beam 1 away 
from it. A small part of the surface of part 1 
is, however, cemented on to part 2 with Canada 



Pia. 2. — The Lumiuer-ltrodhun Spoctrophotomotor. 

Ti, T, « colllmatiuK teU'seopos ; T» -- observing tele- 
scope; S,, vertical slits; bj, L#, Ij,*® lenses; 

P-’aalspersing prism; (J « l.ummcr-Brodhun cube — 
giving Held of typo C, Fiu. 1. 

balsam, the rest of that surface of part I 
I)eing ground away so iis not to be in contact 
with part 2. Under these conditions the 
central part of beam I and the outer part of 
beam 2 will form the photometric field of 
typo (!, Fig, 1. (Type B is another common 
form of photometric field found with Lummor- 
Brodhun spootrophotomotors.) This is viewed 
by the eye placed at slit Rg, no eyepiece being 
used. Uniformity of the field is obtained by 
using x>ieoos of ground glass before slits and 
Sa or by having the light come from illuminated 
pieces of magnesitim carbonate. 

This instrument is especially well adapted 
to o<)m])aro the relative spectral distribution 
of radiant power of two light sources. When 
this is being done, it is best to compare each 
on<^ of tliem in turn with a third Houre<\ this 
third st)urce being iHaecd, for example, before 
Sj, giving risti to beam 1, and the other two 
being in turn placed before S.^, giving rise to 
beam 2. Any om^ of the methods already 
indi<Mil(xl, or a combination of them, may bo 
nsed to vary the amount of light entering 
slits Sj and and thus bring the two parts 
of the pbotometrie n<‘hl tj» e(|uality. 

In trauHinission work two Houroofl may bo 
used or only (me, the light being ro- 

lled e<l by mirrom or picocH <»f magnoflium 
earhonatci into th<^ two slitfi. This will depend 
somewhaf. upon the method used for varying 
th(H brightncHH to obtain the match when the 
sample being examined is placed in <)r out of 
one of tile beams of light. For the measure- 
ment <»f clifTuBe or specmlar spectral roflootion 
Hpeeial auxiliary illumination apparatus is 
nec<*HHary. This may Iw easily devised, 

(ii.) The. Kdnig^Mnrie.m i^pejiXrog)h(iton\Mefr,--^ 
A Hi^umd well-known instrument operating on 
a very differout principle is the Kdnig-Martons 
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spectrophotometer.^ In this case variation of 
brightness of the photometric field is brought 
about within the instrument by polarising the 
light and intercepting it with a niool prism. 
An outline diagram (plan) is given in Fig, 3. 



Eig, 3.— The Konig-Martens Spectrophotometer. 


_L=a lenses; W* Wollaston prism; Bs=bi-pri8ui, 
ftiylng field of type A, Pig. 1 ; P= dispersing prism 
(the deviation is away from the plane of the paper) : 
jr^nJcol prism; Si, Ba, Sa^horizontal slits (Si and 
Sa are parts of the same slit); E= position of the 
eye. 

The light from beams 1 and 2 traverses 
the instrument approximately as shown. By 
means of the Wollaston prism each beam is 
split up into two parts vibrating at right angles 
to each other. One part of each beam is lost 
within the instrument ; the remaining parts, 
polarised mutually pei^endioular, are brought 
by means of the bi-prism and lens to form the 
two halves of a photometric field, which is 
viewed by the eye through the niool prism. 
Errors do not result from the partial polarisa- 
tion. by the dispersing prism P, because the 
light is polarised by W after leaving P. The 
field is of type A, Fig. 1, the dividing line being 
produced by the apex of the bi-prism. Uni- 
formity of field may be secured in the same 
way as with the Eummer-Brodhun speotro- 
photometer- 

Siuce the two beams of light reaching the 
niool are polarised in directions at right angles 
to each other, a rotation of the niool prism will 
obviously increase the brightness of one half 
of the field while decreasing that of the othor, 
one becoming a maximum when the other be- 
comes extinct, and vic6 versa. The angular 
scale is made to read zero for one of the 
positions of extinction. 

If one of the original beams, e.g. beam 1, is 
kept constant while the other, beam 2, is 
varied, and a match has been obtained in 
two different oases, the brightness of beam 2 
in the first ease to that in the second case will 
be given by the ratio of the squares of the 
tangents (or cotangents) of the angles of match. 
If beams 1 and 2 may he interchanged, the 
ratio of brightness is the product of the tangent 
of the angle of match in one case by the co- 
tangent in the other. Methods of using this 
instrument are explained in detail in Part IV. 

(iii.) Other Instruments . — These two ex- 
amples are illustrative of the great variety in 
method which has been employed to bring 
two beams of light of the same wave-length 
into the proper juxtaposition in a photometric 

1 Ann, der Phys. (4), 1903, xil. 984. 


field, and to enable either or both beams to 
be varied in brightness at will in a continuoim 
and known manner. They arc illustrativt' of 
the two general classes into which visual 
spectrophotometers are often divicU^d — viz. 
polarisation instruments and otlierH (mostly of 
the variable-slit typo). T’hey are also illus- 
trative of another general division which miglit 
be made — viz. those which ar<i dosigru'd 
primarily for the comparison of the spectral 
distribution of radiant power in two sotirc^^s, 
and those in which the measurement of the 
spectral transmissive properties of mat^ndals is 
the main purpose in min'd. With the i)rt)i>er 
auxiliary apparatus, however, most instru- 
ments may bo used for both thcH<^ purposes iis 
well as for the measurement of <iifTuse ndleo- 
tion. 

There are many other well-known instru- 
ments in addition to the two aliH^ady de- 
scribed. One of the earliest ty^x's was tlm 
double-slit spootrometor of Vievordt,'** in which 
a single collimator (tarried a dividend slit, 
either half of wlxioh could be varicvl in widtiv 
independently of the other, valutas heung (^t)ni- 
puted from these known slit-widths. 'riu‘ ty i )0 
of field is that represented by M of Fi{f, 1. 
The accuracy possible with this iuHtrumeni wtis 
increased by later invostigators. ICriiss ** used 
slits which opened symmetru^ally on <‘ither 
side instead of having one side fixed an<l the 
other variable, Eurthor iinprovoinents in this 
method by various invostigatoi’s consist-tHl in 
■devising moans for making the dividing line 
of the photometric field as fine as ]X)HHihie and 
at the same time separating the two beams (»f 
light a short distance to mak(') it (^wtic'r to 
insert a spooimon in one beam without int(*r- 
fering with the other beam. (')no ( )f the modtTn 
varieties of the double-slit instrument, but with 
two collimators and a Lumnier-Iirodliun ctilxs 
is called the Differential Spectrophoioinefer,* 
in which the two slits work by a single sen^w 
in such a way that the sum of the t wo «Iil- 
widths remains constant, 

^ The Brace ® Hpectroph(>h)m('ter is X'ery 
similar in action to the laiminer-Brodlum, it 
having two collimators widely separated. In 
this instrument, however, the phototjudrie 
field is formed in the ])riHtn ilst^lf ; it is of 
type D, Fig, 1. 

While much valuable work has Ih^oii done 
with variable - slit instnimonts, th(^ goiUTnl 
accuracy and reliability of all of them 
increased if some other means of varying <h<^ 
brightness of the photometric ii(dd is used ; 
and this has often boon donc^^ 


* Pogo, Awa., 1801), cxxxvH. 200; 1H70, cxI. 172. 

\ Shook, Aatrop. Jour.y 1017. Ixvi. 

1900™* IS09i xlviii. 420; AHtrop, Jmr., 

• i!.g. Lemon, Astrop. Jour., 1914, xxxix. 204. 
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Spectrophotometers which make use of 
polarising apparatus to vary the brightness of 
the held do not require the use of variable 
slits, but retain the same ease and speed of 
making settings. They should, however, like- 
wise be subjected to thorough test as to the 
possible presence of errors resulting from the 
l)olarising action of the dispersing prism or 
other parts of the aj)paratus. The objection 
often made to polarisation instrumonts, viz. 
the loss of light within the iixstruinont, has 
become of little weight because of the high 
efficiency, especially in the blue and violet, of 
the gas- tilled incandescent lamps now avail- 
able. In addition to the Kdnig-Martons in- 
strument, elsewhere described in detail as to 
construcition and use, the folk) wing methods 
have boon used. 

In (Uazohrook’s ^ instrument two widely 
separated beams are each polarisc^d by a niool 
prism, but mutually perpendicular. Those are 
brought into juxtaposition and viewed by the 
eye through a third nicol. By rotating this 
nicol a photometric match is obttiined, values 
being coin[)uted by the tan‘^ relation as with 
the Kiinig-Martens instrument. 

In another type of instrument,*'* similar in 
many respects to the Ktinig-Martoiw spoctro- 
phoiomeier, a single collimator is used. Jaght 
from two separated j)arts of the slit are 
poIari.sed mutually [)erpondicular by moans of 
a Hochon prism. The two boams, after piwjs- 
ing through a niet)l prism, finally form two 
(Contiguous spectra, any width of which may 
b{» examined by the (we. bkpiality of hright- 
n<ws is obtained, again, by rotating the uicol 
and vahuiH computcnl from the tjui*® relation. 

A polarisation instrument of clilToront typo 
is that ]>y (-rova,® in which the light in only 
one beam is polarised. In that Ixnim two 
nu!t>l piisnis placanl and ecpiality of bright- 
iK^SH obtaintul by rotating one of f.lie nicols, 
the sin® n'lation being uhimI for tin* e.omputa- 
tion. In this insl.riim(>nt tlu^ two beams of 
light coim^ from dith^n^nt parts of tlu^ saim^ 
slit, hut that- in on<‘ bulf is (U‘ll(‘ct<Ml in by 
nmans (d a total r(‘II<*eti<in prism, its tu’iginal 
din'ftion IxMiig at right angh's to tli(‘ other. 
'I’in’tM' iiicols inst<‘a(l of t wo hav<* s<nn(‘tim(‘s 
h(‘t‘n us(‘<l.^ In this cas(* the mid(ll<‘ on<* is 
rf»tal{*(I ; nml tin' sin * relation must uh <‘(1 
in <M)m)>utations. 

In nufn(U’'H Hpeelrophotonu'ter one* lanim 
only is polaristxl, one nicol Ix'ing pbictxl in 
om* l>(*ani heh»re the eollimator slit, the oth<‘r 
in tile olmerving ladeset llufncr’s rhomhio- 
}>riHm Hcheim* is nsed to bring two slight ly 
s('parat‘i*d beams into t b<* pr<>per juxtaptjsition 
through dilTercnl parts (►£ th(‘ same slit. 

* Cinnh. IKH.'i, iv. :ini. 

- (ilaii, !!'»></. IK77, i. Jl.'il. 

' Ann, tie W VhifH. Ci), IHHIl, x\l\. 55ft, 

* /.I'jikiT, /CrUarhr. f. JnnUr., Iv. HU. 

Xi'itsnffr, f, jihunik'. TArwoV, IHHU, lli, 


The action of a polarisation instrument by 
Wild ® depends uj)on the vanishing of the 
interference bands formed by the proper 
superposition of the two beams of light from 
any one source. 

Various devices are available by which any 
B£jeotroinetor may be converted into a spectro- 
photometer; in fact, some of the instru- 
ments already mentioned are practically that. 
Total rotloction or rhombic prisma are used for 
this purpose, bringing two beams of light into 
separate but contiguous parts of the collimator 
slit. Auxiliaiy moans must bo jirovidod for 
varying the brightness of one or both beams. 
Such methods have been used by Nichols,’ 
Houston,® Ivos,^ Nutting,^^’ and others. 

One of the most recent forms of spectro- 
photometer is the Keuffel and Ifisser Color 
Analyser, a direct -reading instrument. A 
constant-dewiation spootromoter is used. A 
bi-prism placed over the telescope kuis gives a 
field of type A, Fig. 1, with horizontal dividing 
lino. The two beams come from different 
parts of the same slit. The brightness of one 
beam relative to the othcir is varied by moans 
of a variable rotating sector, and the scale 
roads transmissive or rcfloc.tivc percentages 
directly. 

A somewhat different method from any of 
the above is that by Abney, whore the 
illumination of two shadows, side by side and 
touching one another and oast on a screen by 
placing a rod in the path of the two sots of 
rays, is eciualiscd by placing a vaiiablo-aperturo 
rotating sector in the path of one of the beams. 

Mention might also bo made of spectro- 
photoniotors oi)orating on the llickcr principle.^® 
This subject, however, is one for hetero- 
(^hromatic })hotomctry rather than spootro- 
phoionu^try, and in, thon^foro, uiiIoucIkhI lierc. 

§ ( 8 ) IhrOTO MKT nits AND HOMOUIIINEOITS 
bujiiT.- -Oonsidorable work of value in the 
liiK^ of (ihccking and studying other methods, 
or ill actual ^^X|K‘rinu^ntal work, if a sptxtiro- 
photometer is not availahks may Ix,^ done by 
iiieanH of a photouuitiM’, Hourc(M)f homogeneous 
light, ami Hi'hict.ivo ray fllbu’s. 'Plu^ Martens 
photonu'tcr has bixm used at the II.S. Buimu 
of StandunlH for this kind of work; other 
typ<‘H would also Ixi suitable. 'The mercury, 
hydrog<'n, and lielium lamps arc of value 
of having Hov(»ral widely scparatiul 
liiK'H of Hufficitmt brightness to bo used. If 

• Htp.d, Phitn,^ xlx. Hl!i ; M'W, 188ft, 
XX. 152. 

’ /V///W. lHU-1, H, 158. DllTmctton grating 

also uHeil for (llHiX'rslon. 

• /VoV. .Wrtg., IDOH, XV. ii8ii. 

• /Vd/M Rt't'., IDIU, XXX. H-lft. 

*" Hur, Sttom. Sci, IHtp. No. 115. 11) U ; see also 
The Nnltliiu Phi>lotueter, advertlwxl by Hllgpr. 

" RfKf'nrrfffH in ('oitmr VkUm^ p, 74, 

/'5(/. hummer- rrlngHbelin, Jahr^Hln^. d. Hrhln, 
iUfi.f. Vntni, iinltHT, lUOft; JUdht., 1007, 4«0; Milne, 
I*m\ Killnburgh, 11)12-18, xxxUl. 257. 

** /%«. 11)00, h 200. 
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all three sources are available, the following 
wave-lengths may be obtained : 

Hg— 404*7 + 407-8, 435-8, 546-1, 576-9 + 679*1 
m/-i ; 

H —434-1, 486*2, 656-3 m^c; 

He— 687-6, 667*8+706*5 (706-5 weak in com- 
parison to 607-8), 706-5 mja. 

The heliam lines in the blue are too close 
together to be efficiently separated. 

Grlasses for filtering out these lines are 
described in Bur. Stand. Tech. Pap. No. 148 ; 
and gelatine filters for the same purpose are 
advertised by the Eastman Kodak Co., 
Rochester, N.Y. 

A Variation-of-Thickness Photometer has 
recently been designed for measuring the 
transmissivity of Hq^uids. The following are 
the essential features : ^ 

“ Two beams of light proceed horizontally, 
one above the other, from a uniformly illu- 
minated vertical surface. 

“ A rotating sector disc of known trans- 
mission can be interposed in the upper beam. 

“ By means of two totally reflecting partially 
immersed rhombs, the lower beam is diverted 
through a variable thickness of oil determined 
by the distance between the rhombs, one of 
which is carried by a slide on a track parallel 
to the beams of light. The oil is contained in 
a horizontal trough with open top into which 
the rhombs dip. 

“ The two beams are brought into juxta- 
position in the photometric field by means of 
an arrangement of biprisms. 

“ The thickness of oil in the lower beam is 
varied until its transmittance^ equals the 
transmission of the sector disc as judged by 
equality of brightness in the photometric field. 

“ A suitable scale provides for direct reading 
of transmissivity ® or the logarithm of trans- 
missivity. 

“ light of definite wave-length may be 
obtained either by : 

“ (1) Use of light filters with a selective 
aourcey such as a mercury lamp, or 

“(2) Dispersion with a prism, which con- 
verts the instrument literally into a spectro- 
photometer.” 

IV. Dbsobiption and Comparison op 
Methods 

For several years the subject of spectro- 
photometry has been given considerable 
attention in the chromatics section of the 
U.S. National Bureau of Standards. This has 
been necessitated by the many requests 

^ Priest, The Cotton Oil Press, July X920, p. 96. 

“ Transmittance: the ratio of the radiant power 
incident on the second surface of a substance to that 
transmitted by the first surface. 

* Transmissivity, t: Let T»> transmittance, 
thickness; thenf«=> 


continually being received there for tests 
of the spectral transmissive and reflective 
properties of all kinds of material, and by 
the large and increasing demands for the 
standardisation and specification of colours. 
Spectrophotometry, as already noted, is the 
fimdamental basis of all work of this kind. 

It was early realised that sulliciont attention had 
never beoh paid to the detection and elimination of 
errors by the comparison and counterchccking of 
radically different methods. It is no trouble at all 
to obtain, for example, “ smooth ” spectral trans- 
mission curves by any one method, the observational 
error being perhaps very small, and repetition of the 
measurements being easy to obtain. It is only 
when the same specimen is measured by a diiTon^nt 
method over the same range that one realises there 
may he enormous errors present though previously 
undetected. Moreover, any one method is limited 
in range and becomes somewhat unreliable as the 
outer regions are approaohod. The limits of the 
visible spectrum are often taken as 400 and 750 mfx, 
but little accurate visual work has ever been done at 
wave-lengths loss tlxan 460 and greater than 700 m/4. 
And yet cases arise whore moasuromeiits within those 
regions are of great importance.* 

For these reasons several independent methods of 
spectrophotometry have been developed, in addition 
to the construction of much auxiliary ai>i)aratuR for 
use with instruments already available; and by 
moans of the countorcheoking tlius made possible 
the work has boon brought to a liigli degree of 
effioionoy and reliability. It has therefore been 
thought that tlie ends of this article can be servocl 
in no better way than by describing in considerable 
detail the apparatus and methods now being uswl 
there. Most of this material has boon obtained 
from published papers, and rcforcnco will bo made 
to these at appropriate i)laoos. 

§ (9) The Visual Method with the 
K6nio-Martens Steotrothotommtkr and 
Auxiliary Apparatus. — A n already noted, a 
spoctrophotometor for general purposes should 
bo of such a kind and used in such a w'ay 
that any one of throe different kinds of 
experimental work may bo accurately 
conveniently performed with it ; that is, it 
should be available for the determination of 
(i.) the relative spectral distribution of radiant 
I)ower of the various sources of illumination 
in commercial use at the present time, (ii.) 
the spectral transmissive proj)ortieB of all 
kinds of substances, up to a consith^rable 
thioknoss if necessary, and (iii.) the difluKC 
spectral reflection of a groat variety of 
materials. The Kfinig-Martens spectrophoto- 
meter, when used in the proper way anti with 
suitable auxiliary apparatus, metits these 
conditions admirably, as will be illustrated. 

The usual working range of the instrument 
has been from about 450 to 700 m/4, with 
slit - widths of 0-10 m/4 in collimator and 
telescope. But by widening the slits r6lia})le 

* B,ff. in chromatic camouflage, Jour. Opt. Soc, 
America, 1920, iv. 300. 
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work has hooii done as far as 420 and 750 ra/A 
with tho heterogoneous source. The brilliant 
mercury line at 435*8 m/t has been of great 
assistance in obtaining roliablo readings in 
this region. The use of tho bright homogeneous 
lines of the mercury and helium lamps has 
proved of considerable value for checking 
purposes. 

Methods of computation, which woTild ordinarily 
bo very laborious with this instrument, have been 
simplifiod by tho dasign of Hlide-niloa, by which 
tho various computations involving tangents and 
cotangontH, or thoir squares, may bo performed aw 
oonvoniontly and accurately as in ordinary numerical 
work with tho ordinary alidc-rulc. 

(i.) Comparison of Light Sources , — Tho use of 
this spectrophotometer for tho comparison of 
light sources is described in a paper on the 
“ Colour and Spectral Composition of Certain 
High-Intensity Searchlight Arcs."’ ^ By tho 
method therein given in detail it is possible 
to obtain tho relative spectral distribution 
of radiant power of oven a varying source 
like tho electric arc. Tho following diagram 
and description i>f tho method arc taken from 
that paper. 

An illumination box was constructed and 
fjiatened to tho spectrophotometer immodiatoly 
in front of tho slits (Fig, 4). This consisted 


BratnBox, 
Burfaot ooucred 
with UagnMli 


O^mpctrlaM Lamp 





fagnaalum-Carbcnaia 

BhoHa 

Qround’QIaaa 
'Olffualng Soracn 

Baam fr^ A ra 
or Standard Lamp 


Oallfmator Stlta ofSpaotrO’ 
photomatar and Corraopondlng 
Sllta In Braaa Box 


Fia. 4 . — DotallH of Illumination Pox, used with the 
K(inln-Martonrt SiKud.n)i)hot()iuoi(‘r lor tin* 
parisou of ll|.tht Hoiirct'M. 


of a brasH box (livi<lc<l into two coinfmri- 
nu'ut.M by a partition. Tlu* inU'rior 

of each eoiu])artm(‘iil. was (!ojite<l whitt* with 
magiuwum oxide, put. on by hu ruing magne- 
siuni ribbon, and l>I<»okK of inagncHium 
earbonato were plaei^l as shown. Thus l\u> 
whoh^ interior was white and tli<» ndleetion 
from all Hurfact^s was eutindy dilTuHc. 
inagn<‘Hium-(*jLrbonate blocks wen^ illumimit<*d 
an hIiow'ii, and light from Ihesi^ tue illuminated 
surfaces enteriMl the doubh* alit. (d the spindro- 
photometer through small openings in the 
ilhnu illation box. The whoh* int<‘rior of tlu^ 
box is, of (‘ourse, illuinmatetl by 
ndleetion from the magnesium-earhonate 
‘ Uur. Stand. Tfrh. Pan, No. IIIH, luat). 


blocks, and two beams of light from tho 
sides of tlio box next to the H})ectroph()tometoi* 
pass through openings in the opposite side 
and are compared by means of the Martens 
pliotometer.” A red glass filter was placed 
over tho eyepiece of this photometer to 
eliminate the colour difference between the 
arc and tho comparison lamp, and a ground- 
glass diffusing screen used, as shown, to 
make the photometric field still more uniform 
and of tho proper brightness. Lenses were 
used to obtain sufficient illumination of the 
magnesium-carbonate blocks, care being taken 
that this illumination was uniform, and that 
chromatic effects wore avoided. Rotating 
sectors of known aperture were used on one 
side or tho other, as needed, so that tho 
comjiarison field of the s]icetrophot(>mctcr 
might ho brought to eqiiality within a suitablo 
region on the scale. 

Tlio substitution method of moasuremont 
should always ho used in this kind of work ; 
that is, a comparison lamp sliould be kept on 
one skle and light from it compared first with 
light from a standard lam]> whose relative 
sjioctral radiant power has been cletcrminod 
radiomctrically, and then with that from the 
lamp, arc, or other source of illumination 
whoso relative spectral radiant power is to 
bo determined. If tho unknown source of 
illumination is one that may bo easily main- 
tained constant, e.g. an incandescent light, 
but two observers are needed — one to watoh 
and control (by means of a potentiometer) 
tho voltage around tho lamps, thus maintaining 
constant illumination on either side, tho other 
to make observations at different regions in 
the spocstrum. If th(» unknown source is an 
arc. (in this ease the Sp(‘rry searchlight arc), 
more observers will be reipiired. 

*‘¥ive wen* netu'SHary in inuUinp; the ohsorva- 

tioiiH on th(* lire, oiu* to watch and control the are, 
rtH'onling the readings of the volinictcr; a H<'cond 
t.o r<‘i^nilat<' tin* curn'Ot through th<* ur<% ri^sording 
Ihc' rcadiiigH of the uminctcr; a third to observe 
tiic illtinunution Ihrough tin* MurUnis pholonictcr; 
a fourth to tnUc rcadiugs on the s|icctrophotomcU*r ; 
and a fifth to nroni tliosc* readings and keep tho 
prnp<*r vollagcH on the lamjw by nutans of tlic 
p«»t(*ntioini*t«*r. The prot'cdurc for taking ii Hcrit^s of 
<»l)H(*rviitions under these conditions was oh followa : 
j “Tin* are. was ullowf^d to run a f<w nilnuU^ in 
1 ord(»r timt. cMUiditiouH might, he('onie ns steady as 
I poHHil>l<*. While this wns being donts the eoini)ariHon 
lamp wjiH kei>t at its proper volbig(‘ and the variations 
of the illnmliuition fnnn the uni f(dlow<'<l on the 
Martens photfuntder. Finally, th<i jdiotonicter wtis 
w't for equality of brightness bfitween tho two 
souw'es rtt wlnit- Ht‘emed to be the Iiwt mean value 
of tiie iUunnnation from the are. This sotting was 
then uneliangisl <luring the run. Now, f<»r any given 
wavedengt li, tho viiriiithms In the llhimlnatioti from 
tho ur<‘ wt‘r(‘ follownl i>n the sptHitrophotomottir, the 
attempt being made to keep the two halves of the 
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photometric field always equal in hrjghtnosa. When- 
ever conditions wore right, as shown by the Martens 
photometer, a sharp signal was given and the reading 
of the spectrophotometer taken at that instant. It 
was not attempted to do this, of course, if the 
illumination varied too rapidly through the proper 
value. Usually the variations were quite slow, the 
illumination often staying constant at the correct 
value for a considerable part of a minute. It was 
noticed during the course of the inv^tigation that 
the value of the current through the arc would have 
served nearly as well as the auxiliary photometer 
for enabling measurements to bo made always at 
the same illumination ; for the current was practi- 
cally always at a given value, about 75 amperes, when 
the signal was given by the observer at the Martens 
photometer. 

“ At each wave-length from four to ten readings 
were taken on^he spectrophotometer, the number 
depending on the agreement obtained among the 
readings. Measurements were made between wave- 
lengths 430 or 440 and 710 m/x usually at every 
20 m/x. 

“After this series of measurements was completed, 
the total reflection prism was sot up to locate the 
position of the arc and kept there until the -standard 
lamp had been put in position. It was then removed, 
and another series of measurements made at the 
same wave-lengHis as previously on the arc. Only 
two observers wore now necessary, one to make the 
measurements on the spectrophotometer, the other 
to record the data and keep the voltages constant 
with the potentiometer. 

“ In this manner all the data wore obtained, either 
a complete run or chock points being taken on the 
standard lamp between any two of the runs on the arc. 

“ The spectral distribution of radiant power 
of the arc was computed as follows : All the 
values of the angles of the nicol prism road on 
the spectrophotometer for tho standard lamp 
were plotted at the proper wave-lengths and a 
smooth average curve drawn through these 
points. All values for the standard lamp 
used in the computations wore taken from this 
curve. Thus tho same values of the standard 
lamp were used for all computations, ifor 
each wave-length the square of tho cotangent 
of the average angle, read on tho spoctro- 
photometor when the arc was in position, was 
divided by the square of the cotangent of tho 
angle os road from the curve when the standard 
lamp was in position. When this is done for 
all the wave-lengths, the radiant power of tho 
arc relative to that of the standard lamp is 
obtained. By multiplying these values by tho 
known relative values of radiant power of 
the standard lamp at the different wave- 
lengths, the relative spectral distribution of 
radiant power in the arc was obtained.” 

(ii.) Spectral Transmissive and Reflective 
Measurements . — No complete account of the 
illumination apparatus which has been 
developed for use with tho Konig-Martens 
spectrophotometer has yet been published, 
but brief reference to it has been made 


in two papers.^ The essential features arc as 
follows : 

A metallic box was constructed largo enough 
to contain ten 500-watt, incandescent, Mazda-C » 
lamps and three large M -shaped mercury 
lamps well distributed throughout tho interior. 
A system of air and water cooling x^reveatH 
undue heating of any part of the api)aratuH. 
The interior of the box was painted white 
and finally coated with magnosium oxide, 
giving diffuse illumination from all parts. 

The box was set up in front of tlie spectro- 
photometer at sufficient distance to allow 
samples of considerable thicikncss to bo inter- 
posed. In the side of tho box next to tho 
slits two small openings were cut just largo 
enough to include tho angles subtended by 
the slits and Ions of tho spoctrophotoinoter. 
On the opposite side of the box, two x>ioce8 of 
magnesium carbonate arc placed, in suc-h a 
position as to cover tho same angles. Those 
two surfaces of magnesium car])onato arc^ 
illuminated from all directions within tho box 
by moans of tho lamps and the white walls, 
the inoandoscent lamps or tho mercury lamps 
being used at will. 

A telescope arrangement within tho bo.K 
prevents any of the light entering tlio slits 
of tho spectrophotometer except that coming 
from the surfaces of magnesium carbonate. 
Thus the comparison licld of tlio instrument 
is filled with light, half from one magnosiurn- 
carbonate surface, half from the other ; and 
any variations in the amount of light from the 
lamps will bo exactly neutraUsod. Ilio lamps 
may thus bo run on an ordinary, fluctuating 
circuit, even the flickering of tho mercury 
lamps onusing no trouble. Throtighout t-ho 
part of tho spectrum of high visibility only a 
part of tho lamps need bo and theses ('.an 
be run below tho iiiaximuin efluuoncy t(» 
prolong their life. It is only in th(^ hmI, blue, 
and violet that it is necessary to make use of 
all available light. 

When the spectral transmission of any 
material is to bo obtained, tho stunplo is 
placed in its carrier botwoon tho box and t lu> 
slits and made to intercept tho light first in 
one beam and then in tho other. This inter- 
change may bo quickly off cctod by the observer 
without leaving his seat. Foi* any one i)<)Hition 
in tho spectmm ho first takes from one to liv<' 
readings with tho sample in one beam ; h(^ tlu'n 
transfers the sample to tho other side anci lakt's 
twice as many readings ; finally he returns it to 
tho first beam and repeats his readings thc‘r<s 
to detect any possible change of conditions. 
The transmission is then (ionix)utc<l by tho 
product of the tangent of one sot of readings 
with the cotangent of the other. 

When the spectral diffuse refl<^cti<>n of any 

1 Bur. Stand. Tech. Pap, No. 148, lt)20 ; No. 107, 
1920. 
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material is to be measured, a sample is cut 
to the right size ^nd substituted for one of tho 
magnesium - carbonate surfaces. Interchange 
of sample and the other magnesium- carbonate 
surface is easily made by the observer, and a 
set of readings taken analogous to those 
already described for transmission work. 
Tho result will be tho reflection relative to that 
of magnesium carbonate. This latter is nearly 
100 per cent. 

Tho carriers for holding tho specimens in both 
transmission and reflection work were very carefully 
made so that in transferring tlie specimen from one 
beam to tlie other it might always ho rotumod to 
exactly tho same position. Tliis is very important, 
for it often liappens, especially in reflection mcasuro- 
moiits, that the samples are not absolutely uniform 
throughout. Tho oarrior for transmission moaauro- 
monts has, of course, to bo adjustable in order that 
specimens of varying thickness and diameter may 
bo accommodated. 

In connection with the study of tho spectral 
transmissive properties of dyes and other solutions, 
special apparatus has been constructed. The cells to 
Iiold tho solution and solvent wore made after tho 
pattern of those put out by Hilgcr for use with tho 
sector photomotoT. While it is unnecessary to 
desoribo this cell in detail, it has four valuable char- 
acteristics which should be possessed by all cells used 
in this kind of work ; (1) evaporation is prevented ; 
(2) nothing but glass (or quartz) comes in contact 
with the solution ; (Jl) no wax or cement of any sort 
is used ; (4) in order to refill, it has to bo completely 
taken apart, and may therefore bo easily and 
thoroughly cleaned for (?ach new solution. 

Inasmuch as some solutions change their trans- 
missive properties rapidly with change in tempera- 
ture, holders for these oolls have been constructed, 
in which water at constant temperature is circulated, 
the constant tomporaturo and circulation being 
maintained by a pump-aiid-thormoatat arrangement. 
The solutions may thus bo kept constant within a 
fraction of a degree at any desired temperaturo over 
a oonsicUmibh’i ranges. A detailed dosoriptiou of this 
auxiliary api)aratuH for tjso with solutions has been 
published.' feSimilar apparatus has also been con- 
struoUid for use wit.h the other methods whose 
description follows. 

§}(U)) TllK PlIOTOMLEClTHK! NUI.I. hlMTIlOD. 
(i.) o/ Method.- — well- 

kinnvii (li(li<‘ulty of obtaining acit unite 
]»hotonu‘tn(* inoaHuroments in the blue and 
violet by any otluM* nud.hod led to the dc^velop* 
nuMit of i)lioio(d(Hitrio null nu^thixl herein 
deHcribed.*-* Tlu^ p<)tjiHHiuin-hy<lride, gas-fllled, 
|)hot<)(*l(udri<^ <'ellH now on the market inako it. 
possible to obtain as reliable <le terminations 
throughout tho bluo and vioh't, and even 
beyond tUnso regions, aft are obtained at 
oth(*r wave-lengths by other metliods. 

Tho phoiooloctric eell has . been used in 

* Hur. Stitml. Sri, No. ‘MU, ‘*1. Tho 

Scvtui Pond Dyes.’* 

(bbson, Jour. Opt, Sac. Am,. Jan, -Mar. KHb ; 
Itur. Staml. Sri, Pap. No. Jttl), 


various ways by different investigators.® 
Either the galvanometer or electrometer 
may be used with it; and in practically all 
measurements of spectral transmissive or 
reflective properties some form of deflection 
method has been used, much valuable work 
having been performed. For example, the 
absolute specular spectral reflections of a 
large number of metals have been determined 
in the ultra-violet between wave-lengths 380 
and 180 

In various ways, however, a null method 
seems to he more suitable than a deflection 
method. It has been concluded by the 
majority of investigators that it is not safe 
to assume a direct proportionality between 
photoelectric current and exciting radiant 
power ; and therefore any cell used in a 
deflection method, unless it bo a method of 
equal deflections, must be tested and calibrated 
if there is deviation from this straight-line 
relationship. Tho so-called dark current must 
also be eliminated or a correction made, unless 
tho radiant powers used are so groat that it 
may bo neglected, which is seldom the case in 
spectral work. 

When the eleotrometor is used, still further 
difficulties are met by one using a deflection 
method. A strict proportionality between 
deflections of the disc, as road by means of 
the mirror and scale, and the potential acquired 
by the quadrants, must he proved by test or a 
calibration made. Timing devices are also 
necessary with their accompanying incon- 
venience and possible errors. But tho electro- 
meter is so much more sensitive than the 
galvanometer that it is desirable to use it if 
l)()SBiblo. 

In tho following description of tho null 
method are shown tho ways in which the 
<j[uostions of the current-irradiation rolation- 
shi]> and tho dark current may bo avoided 
and thoir errors oUininatod while retaining 
tho c^xtrcino sensitivity of tho unshuntod 
oUHdrt>moior. 

(ii.) Spectral 7'ranmnimvc Measurem&nts . — 
The principles on wdiich tho null method 
is based are very fiiin])lo and may bo under- 
stood in connection with tho accompanying 
<luigrain {Faj. fi). 

When tiui eartli i^oimcetion is made at U, 
both ])airH of (piadrants arc at zero potential, 
lliuler tluH condition the charged elcotrometer 
iKM'dlo will be at rest, l^et tho voltage apjdied 
to b<4 Vi and tliat ai)plio<l to Pa ^a, 
and l<^t the total roHistances (mainly that of 

“ Co] dent z, liur. Stand. Svi. Pup, Ko. 319, 

MHH, 

♦ Ilnllmrf., AHtrop. Jour.. 1915, xlU. 205. 

• Th(‘ terms irra<llat(^ atjd irrjulhitlon, as cmphasiBod 
bv IvoH {Antrop. Jour,. 1917, xlv. 39), should 
lu* uHt‘d mial«)g()usly to the terms illnnilnato and 
Ilhniilnatlon when radiant onorgy nitlior tlian light 
is dfH(*imH('d. 
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the photoelectric cells) between U and G' 
be Ri by way of P^ and Rg ^7 way of Pg. 
Then through Pi a current will flow of magni- 
tude Ii=Vi/Ri and through Pg of magnitude 



E— Dolezalek auadrant cloctrometcr. disc*, cliarged 
to +150 volts: motion shown by spot of light and 
scale, ns usual; l‘xP*«Kunz photoelectric cells; 

earth connection, zero potential; U=inako- 
and- break mercury connection; ViVa*- voltages 
applied to P, and P„ respectively; H« position of 
Hilgor constant-deviation glass-prism spectrometer 
witli Blits a, and S# always); location of 

specimen whose transmission is to bo nioasured (means 
provided for moving in and out of beam) ; K»= rotating 
sector to increase range of measuremonts ; T« track 
on which distance of OOO-watt lamp Lg from slit H, 
may be varied; Si^-slit by which irradmtion of P^ by 
miniature lamp L, may bo varied, the amount being 
accurately proportional to tlie width of 

IjjrsVg/Rg. No ladiaut energy to which the 
pliotoolectrio cells are sensitive is considered 
as falling on them, Ii and Ig being what are 
ordinarily called the dark currents. 

“ If the earth connection at U is broken, 
the electrometer diso will be deflected (shown 
by the drift of the spot of light) unless Ij_ 
is exactly eq^ual to Ig. If they are not equal, 
they may bo made so by changing the relative 
values of Vj and Vg. This is done by varying 
the point of ground oonnoction at O'. 

“ Now let Pi and Pg bo irradiated by Lj 
and Lg. This will bring about a groat inoroaso 
in the photoelectrio currents I^ and Ig, and the 
irradiations may be so adjusted (by varying 
the ourronts through the lamps, the width of 
Sj, or the distance of Lg) as to make Ii again 
exactly equal to Ig, as shown by the zero 
motion of the electrometer disc when the 
ground connection at U is broken. Now lot 
the irradiation of Pg from Lg be reduced by 
interposing the specimen B. Then Ig will be 
less than Ii, and, with XJ broken, the spot of 
light will be deflected. Two methods may bo 
employed to make Ii and Ig again equal, a 
moans of obtaining a measure of the trans- 
mission of B being thus possible : (1) The 


amount of radiant energy falling on P^ may 
be decreased by narrowing Si until Ii becomes 
equal to Ig, the ratio of the slit-widths in tho 
two oases being a measure of the transmission ; 
or (2) the amount of radiant energy falling 
on Pg may be increased by moving L.^ nearer tho 
slit Sg until Ig again becomes equal to Ii, 
the inverse ratio of the squares of tho distances 
in the two cases giving the transmission. 

“ The value of the transmission obtained 
by the two methods will be tho same only 
in case the dark currents are exactly equal 
and in case the two photooloctric colls obey 
exactly the same irradiation-current law. In. 
case either of these conditions is not fulfilled, 
the value of tho transmission obtained by tho 
first method will bo in error, but by tho 
second method tho accuracy of tlio value 
of the transmission will bo unimi)airod though 
cither or both of those conditions are not 
fulfilled. Therefore, tho transmission is 
measured by merely varying tho distan (!0 
of Lg from tho slit Sg, this distance being tho 
only variable in tho operation ; for tho width 
of the slit Si, the amount and quality of the 
radiant energy falling on Pj and l^g, tho 
photoelectric currents 1\ and Ig, ancl tho 
currents through Lj and Lg are unohangod, 
whether the specimen is in or out 

“The distance of Lgfrom Sg can never be made 
less than 4G cm. booauso of tlic other apparatus on 
tho bench, such as tho sector, carrier, etc. Tliis, 
combined with tho fact that tho fllamont of 1^ 
is in a piano only 1 cm. square, enablcH the inverse- 
square law to bo asHumod ; that in, the amount of 
radiant energy ontoring tho slit 8g varies inv(^rscly 
os tho square of tho diHtance of J ..2 from Tlic 
rotating sector servos as a moans of making siiro 
that tho appamtufl kcciw in porfocst working condition 
from day to day. Tho k^ngtli of tlu' photometer 
bench enables Lg to be moved back to 1555 ciin. from 
tho slit. Thoroforo, tho range of tninsniisHion 
possiblo with the 10 per cent seolor is from l‘()0 to 
approximately ()‘(K)4.” 

Between 410 and 550 mfM inclusive, the nu^thod is 
very reliable as shown by agr(*emcnt« with other 
methods. Those will bo discussod later. If a quartz- 
prism spoctromotcr wcto uhchI, m(‘aHumn(‘nt« couUl 
bo oxtondecl ink) the ultra- vioU't. In tho long wave- 
length direction tho o.oll itself H<M)n becomos v<*ry 
insonsitivo. The usual working range of tlio 
apparatus has been from 500 to 000 m/x inclusive, 
but values have been obtained as far as 580 aiui 
650 mfx, 

(iii.) The Measurement of Diffuse HpeHral Tie- 
flection and other Applicaiions . — Tho apparatuH 
was designed primarily for tho moasuroinont of 
spectral transmissive iiroportios, but has also 
been used to obtain the diffuse spoctral reflec- 
tion of substances relative to that of magnesium 
carbonate. For this purpose the lamp \j^ 
is moved forward, and by moans of lens and 
mirror the rays are brought to a focus upon 
the substance to bo studied, tho angle of 
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incidence being approximately 45 degrees. 
The diffuse reflection leaving this substance 
(or the magnesium carbonate) at right angles 
then enters the slit Rg* the resulting 

photoelectric current in P^ is balanced by that 
in Pi excited by Lj, as was done in the case 
of 8))cctral transmission. The method of 
obtaining the balance now, however, has to 
be by the moans of varying the width of Si. 

The uifithod has not b(‘(‘U as thoroughly tested as 
that, for the transnuHsion mcasuronionts. Com- 
))ariHon with other methodH, howtwer, has shown 
that for approximately dilTusing surfaces the method 
is vt*ry ndiabhi cxoei)t at wave-lengths where the 
Honsitivity is low or the ndleetion Ix'ing studied is 
v(‘ry small in value. Where values have to be obtained 
by varying the width of kSi, however, the accuracy 
is about half that n'sulting whcui tlu^ <liHtanee of 
fnun S2 can be varied as c‘X])lain<‘<.l under spetttral 
trauHinisHion. But. Jis ulnwly noted this accuracy 
is deix'iidcnt upon the two c(‘lls olx^ying the same 
eurrt'Ul-irrndiation law. 

Measurements of relative specular rettocition 
have also betui inadt^ by tlu^ method varying 
the width of 

“■ Tlu^ a[)paratutt is well adapted for the 
comparison of spcidral distribution of radiant 
power of two sources over the same range 
of wave-lengths as used in transniiHsion and 
rt*lloeii(,)n imnisu remen ts. If the two souroos 
are studi that tlu'y olwy the inverBc-squaro 
law, the mtdhod of varying thedr distances 
from »Sa coxiUl be ustnl, Sj l>eing kept constant. 

If th<^ invermvwitiare law were not obeyed 
by (‘ither source, the other method could bo 
umnl, tJunr distances from being kept 
constant and varied t«) obtain a balance.'* 

(iv.) Tht Kliminutum 0/ Jirrorn. -hi setting up tho 
aiipuratiUH the* usual pn't'aulions w(*re taken to 
eliminate so far m possible all ni<Hdmnieul vibration, 
nnuHt air, stray radiant <‘nergy, and eleetru^al 
dist tirl)am*('H. 'rids was ureompUshed by the proper 
us(» of a inetallie (‘n('l«)sure for tin* eleeiromett'r and 
ph(»tm‘leetrii* eells, and by resting this uixm a <*<mu‘ut 
pier in a baseiiiiMit room. 

'riu* us<' of tlw null method eliiuinat<‘H the err(*rs 
liable to lx* fianxl with <‘le<’trona‘t<*r-defle<’tion 
methoilM. “ .SiH-h erntrs may h(‘ those (Ini'! to tlx* 
(letlri'tioiiM of the elei'tr<Mm't<-r (Use as giv(*n by tlx\ 
spot of liplit «iti tlx* H<*!ile ix»t Is'ing sirx’tly projxjr- 
txmal to lh(> ehaiy»» or jxttrnlial a<*(|uire<l hy the 
(pmdrant ■», tim e (hie to h'akage of i'liarges beeause 
ot imperfeet iixmliitioii or nnast air, or tlxtse e<»nneete<l 
with tlx* u e of tiinirjg deviers,” 

Tlx* inellioilof varying tlx* distaiXM* of from bj,, 
as illustrated under npi*etr/d Irannmissioii measun*- 
mentju eliminutea two other possibh* <*rrorH ; 
(1) ** Knatra «hx‘ 1«* the plx»t«M*leetrie eurn-nt. ixd. 
is'ing alrietly proportional to the radiant power j 
ineident on tlx* oell. .Ni* ealihratxuxt <ir tlx* <*»‘11 h } 
ai'<‘ iu'i’r'*»i(irv. «uxl it tauKea no diliorenee what tlx* ' 

' K.trrer .uxl 'r,\ixldl. /!ur, Sttnui Sri. .No, 

I'e'o, j( In thi . vmmK tlx* Itraeo :.pe«fro- 

{ihMti .|(ii ti I \\M U'Je<l til mi'asttrr tlx* aperfral trans- 
mt . .i* la ot I hi atnxi iplxT'*. 


relation is between radiant pow(*r and photoelectrio 
current ; ” (2) “ Errors duo to W'hat is ordinarily 
known as tho dark current. It makes no difforonco 
whether or not it is eliminated. Nor do the dark 
currents through the two (‘clls have to bo tho same, 
though approximately tliis condition is desirable for 
convenience’ sake.” 

Errors which might result from undetected changes 
of tho dark currents througli i\ or Pg or of the currents 
through Ljl or Lg are largely eliminated by taking 
tho and tliinl readings with tho sample in tho 
beam, tho second with it removed, etc. 

Errors arising boeauso of tho invorao-aquare law 
not being exactly obeyed by L2 “ would bo expected 
to be very small boeauso of the filament occupying 
an area of only 1 cm.®, and because it is not possible 
to move thf^ filament closer to tlio slit than 40 cm. 
It has been tested by means of the rf)tating sector. 
Other invesfigutors have found that Talbot’s law 
holds for the pholoeloetTio cell ; and a groat number 
of observations at dilTeront times and at many wave- 
lengths on tho a]>paratUH lu^rein dascribod prove that 
tho inverse-square law is ohey<*d, Jissuming Talbot’s 
law to hold, or that 'Tallxjt’s law is obeyed, assuming 
the invc'rHe-s(iuare law to hold. Actually, the error 
duo tt> any failure of L2 obey the inverse-square 
law is too small to bcb (k'lb^cted over tho range of 
distaiices used. It ndght Ix^ noted here f.hat when 
tho transmission of thick specimens is measured, 
oorrtKsUon is made to tlx^ distantjo as road on tho 
scale, this reading being larger than tho true optical 
distanoo of Tjg from H2.” 

Errors of olwervation an* small because the final 
nwidt is not a <iuestion of judgmont^ as in visual 
atxl photographic nioihcxlH. 

Errors to which all methods of spoctrophotomotry 
arc liable, sucdi as those resulting from stray radiant 
energy and inaccurate wave-l(‘ngth calibration, wore 
carefully guarded against. Slits of 0*20 mm, (83 
and 1X3) liave Ixxui usually used. This inoludos 
ai)proximatoly from 1 ni/U. in the violet up to 4 m/K. 
in tho red. Errors dm* to tlu'sc finite slit-widtlis arc 
coiiskh^nHl negligibh^ e.\<x*pt for very narrow bands. 

§(11) Tuifl TiiMUMOwLKOTura Mictuod, — All 
that has boon dt )ii(^ in this (x )nnocti()u is to adapt 
ouo of tho wcll-knowh ratliometrio methods® 
to tho incaHurtMucnt of Hpectral trauHiniHSivo 
proportioH in tlu'i rod anti infra-rod tut far as 
1250 in/i. ThiH limit was noct^HHitatod in this 
tuiHo beoauBo tho thrtuid of tlu^ Kpoctromotor 
was (uit no fartluT. ^riic Haino wpoetpomoter, 
glanrt priHin, wan imed aw alrtutdy doacribod 
ill tho pre-viouH soclion. A (loblonta linear 
iht'rmopilt^ and Ht'nwHivc galvaiioinott^r were 
I uH(‘d. 'Hit* apparatus ban btum arranged so 
that th(^ t.lu'rinopiU^ and galvanomotor may be 
! HubHtiiut(*d, in a nionx*nrH tinus for the 
j ph(»to<*l(M*tne ft*ll 1*2 (/'h’f/, 5) and idoci.romctcr. 

1 1 j| is not uH<*d Itadinnt cntTgy frtnu Jj 2 is 
ftxMiHHed upon the nliti and m<*aHur(‘numtH 
niadt* by moving the Hp(*cinx*n in and t)utof the 
Ix'ani. 'I’ln* f«>lli>\ving pointH an* of intorcst: 

" I\e*,. Antrnfi Jnur., xlUl. 21; Kimz, 

dx/ro/*. .four,, Il»l7, xlv. (VJ. 

■ Six*, for esjimple, (’oblen(7i, (Utrufffk Ind, 
Wash., Pub, No, HN, lOdf#, 
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(i.) The absorption of 1 cm. of water 
beoomes sq great at 1350 that readings 
could not be made with any precision much 
beyond that point. The ordinary glass 
spectrometer is therefore sufficient for work 
upon aqueous solutions. 

(ii.) Over this range and for a considerable 
way beyond, where large glass spectrometers 
and high-power incandescent lamps may be 
used, such an arrangement seems better than 
the usual infra-red spectrometer, because it is 
possible to work with very narrow slits. In 
this particular case slits of 0*20 m/A width 
were sufficiently large, that being equivalent 
to about 4 myu in the red and about 18 m^a 
at 1000 m/i, less than 1/5 of the widths 
often used. This is important in tho study 
of narrow absorption bands. 

(iii.) Instead of a single lens it would be 
better to use two lenses, the light between 
them being in a parallel beam and tho specimen 
inserted in this parallel beam. No errors 
because of the thickness of the specimen would 
then arise. 

(iv.) The quartz-mercury lamp is excellent 
for caUbration purposes in this range, it having 
strong' lines at 1014 and 1129 m/x and weaker 
lines above 1300 m,u. 

(v.) Tho method is of great aid to visual 
work between 050 and 800 m/x. 

§ (12) The Photooraphic Method with the 
Hilohr Sector Photometer and AuxiLrARV 
Apparatus. — A great advance in the ease and 
accuracy of photographic spectrophotometry 
has been made possible by tho sector photo- 
meter, manufactured by Adam Hilgor, Ltd. 
While this might be used in any spectral 
region where photography is applicable, its 
primary importance is in tho ultra-violet. 
The measurement of the spectral transmissive 
properties of all kinds of organic and inorganic 
chemicals is of great importance to tho chemist 
and the physicist, theoretically and practically, 
and an immense amount of work has been dono 
along this lino. The groat outstanding fault, 
however, of most of this work in tho ultra- 
violet is that it is merely qualitative. As 
noted by Hilger, “it must not bo forgotten 
that not only tho intensity but the actual 
position of the maximum (»f an absorption 
band is undetermined until quantitative 
measurements have been made, since any 
variations throughout the spectrum of inten- 
sity of the light source, or sonsitivoness of the 
photographic plate, or of dispersion, may 
cause the apparent maximum of absorption 
to be in a position different from that of tho 
actual maximum.” While quantitative work 
is possible by the older photographic methods,^ 
it is apt to he tedious and liable to serious 
errors which are entirely eliminated by tho 
sector-photometer method. 

^ Il68um6, Bwest, Photog, Jou\, lOl-l, llv. 99. 


Auxiliary apparatus is necessary consisting 
of a quartz spectrograph and a source of ultra- 
violet radiant energy. The following descrip- 



FiG. 6. — Hilffor Sector Photoiuotor Method. 


tion of tho method is taken from a paper 
published by Messrs. Hilgor, 

“ Immediately in front of tho slit and 
attached to it is a bi-prism, B, which receives 
tho light from tho source in tho following 
manner. The Hght emanates fn)m tho 
source, L, and may reach tho slit by two 
alternative paths. An upper beam passes 
through a rotating sector, S, tho aperture of 
which can be varied. Tho beam then passes 
through the wedge prism, P, and, fallitig on 
tho bi-prism, is deviated by tho lower half of 
that prism to pass axially along tho collinmtor 
of tho spectrograph. The second beam 
traverses first tho absorbing liquid under 
examination contained in a suitable coll, A, 
thou through a rotating sector, S', of fixed 
aperture, and a wodgo prism, P', similar 
to P but so arranged as to divert tho light 
upwards instead of downwards. Tho beam is 
then diverted by tho upper half of tho l)i*i)rism, 
B, and passes axially along tho collimator of 
tho spectrograph like the first. Wo thus have 
the spoctrograi)h fed by two beams, the one 
capable of being varied in intensity at will 
by varying the aperture of tho rotating sector, 
the other subject to the absorption of a 
known thickness of tho litpxid uinler (examina- 
tion. A series of photographs is taken with 
the sector S set to difforent apertures. If 'svo 
consider one of these ])hotographs wo shall 
SCO that it (consists of a pair of spectrum 
photogra])hs in close juxtaposition, oim of 
which is of reduced density throughout its 
whole length, tho other — that, nanudy, which 
has passed through th(H material under test— 
being more dense than tho first in certain 
parts and loss so in others, there bedng (M*rtain 
wave-lengths where tho density of tlu^ two is 
equal. 

“ It is found that tho wavo-longfch at which 
tho densities of tho two spectra aiv equal is, 
within wide limits, independent of tho expos- 
ure, of tho intensity of illumination, and of 
tho speed of rotation of tho sootors. 

“ Furthermore, tho photographs arc taken 
simultaneously, and there are, therefore, no 
errors arising from fluctuations in the light 
source. 

“Lot the fraotions of whole revolutions 
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during which tho variable and fixed aperture 
sectors allow light to pass be respectively t 
and t'y and let tho intensities of light of wave- 
length \ reaching tho slit by the upper and 
lower beams in Jb'ig. G be respectively 1 and I'. 

“ Then if at wave-length \ tho density is 
exactly the same in both spectra, wo have 

«)■” 

The makers of the instrument assume the 
Schwarzchild 1 relation, IJl' for un- 
interrupted exposures, to hold in this case^ 
n being different from unity, and sui)ply a 
calibration from which Vjl may bo obtained 
from tho known values of tfi'. It has been 
found, ^ however, that “ the photographic 
plate, tho use of which in photometric moasuro- 
monts is usually considered questionable, 
integrates intormithmt exposures in such a 
way that tho oomi)ariHon of two intensities 
can bo made dirocitly in terms of sector 
oj)ening8, provided that tho time from tho 
beginning to the end of tho exposures is tho 
same, and that the two cxpt)Huroa produce 
otpial blackening of tho plat<^ ; i.e. tho con- 
stant n for th<^ sector photomctcT is unity 
within the limits of photometric actmracy. 
This relation has bocm further verifiod by 
comparison with other methods,® and exten- 
sively by eomparisou with the Kdnig-Martons 
visual method and tho photooloctrio null 
method at tho Bureau of Standards. These 
data have hecu published in tho Bureau of 
Btandard'fi Baper^ No. 440, on tho spectral 
transmissive })roi)ortio8 of tlio seven food dyes. 

TIk' sector photometer at the bureau of Htandards 
has both scrctors variable, so that-, for exampbs the 
o<>11h contninitig Holuii<m and solvent may bo inter* 
ohangctl for chwk roaditigs. I’ho tpiart?; spectro- 
graph is a instrunieut ( slit- width n- 0-10 mm.) 

wltli a tlisjHwion of nearly 14 cm. lM*tw<v‘n r»(K) and 
2r)() mm. The soun^c of radiant energy is a high- 
voltage^ (T{‘sla eoil) spark nndcr wuU^r, which gives 
a etmtinuoMH spectrum from the visihh* as far as tho 
quart/, syslrm .will tnummit. The vertical spark 
is nion* Hjitisfjictcjry Hum tin* hori/outal, for it keeps 
the two Hpe(*tra in contact throughout their whole 
Irngtii. 'I’wo pi('c<'H of magnesium oarbonaU' dintusely 
iIluminnt<Hl as in tho Kiinig-Martxms auxiliary 
apparatus, hut l»y the spark, wcaild Ihh still better 
and w<»ul(i I'nabh* moasuroments of diiruso H|Hietml 
rertiH'tion to Is* inadi* as w'cll, providwl suffioient 
intensitry could obtained. 

Krrors in Iwaiing tho wave-kmgt.h or fn*qiieney 
of equal density have Ikk^u macie very small by 
nu*ans of n spcnual eompiirator, dt^Hcdbed in Appendix 
to Ifur. Trch. Bap, No, M8, which permits 

of Hidings b(‘ing made without, marking tho negative, 
'riierofon^ any numlw'r «>f readings may he made 

* Antrop. ./owr., h)(M), xl. Hi). 

* Howe, VhUH. Itrr. (2), IDIG, vlU. 074. 

* Trans. Opt. *SV)r„ 11)17, xvlil. !UJ ; P/iifA. Brr. (2), 

ID 17, X. 707; fiar. Tech, Bip. No, ItO, IPIP, 

and No. 148, H>20. 


and an average taken. Tho principal source of error 
at present is thought to be duo to occasional non- 
uniformity of tho spark. 'Displacement of the 
electrodes, and therefore of tlio spark as a w'hole, 
from the proper position may bo quite accuratc*ly 
controlled. Interchange of solution and solvent 
will tost this, as well os exposure with both cells 
containing solvent. 

§ (13) GiaNEKAL Comparison and Relative 
Accuracy of the Different Methods. — 
Tho agreements and lack of agreements found 
when the si^ectral transmissions of a largo 
number of glasses wore first obtained by 
different methods are well illustrated in Bur. 
Btand, Tech. Bap. No. 119. In this investiga- 
tion four methods wore used : tho ICcinig- 
Martons and the Lummor-Brodhun spectro- 
j)h()t(>moters in tho visible, and also tho 
Martens photometer with sclcctivo ray filters 
and monochromatic light, and tho Hilgcr 
sector photometer method in tho blue, violet, 
and ultra-violet. lOaoh apparatus was con- 
sidered to be in reliable working condition, 
but tho comparison of results showed occasional 
very serious discrepaneios, especially in the 
blue and in tho red beyond 050 mp. Much of 
this was duo to insufficient precautions against 
stray light. 

vSinoo that time tho four methods already 
described in detail — viz. tho visual, the photo- 
olectrie, tho thormoolootrio, and the photo- 
graphic — have boon developed or improved; 
and values of spectral transmissive character- 
istics may now be obtained from about 230 
to 1350 mp with no “weak” regions and no 
serious discrepancies. In tho paper on tho 
food dyes noted above tho observed values 
of transmittanoies * by all four methods are 
plotted for all the concentrations, thicknesses, 
and temperatures studied. As a result of this 
investigation the following statonionts may bo 
made : 

(i.) Errors of method are believed to have 
boon eliminated in tho visual method with tho 
KGnig-Martons Hj)ecirophott)metor when homo- 
geneous light is used, 

(ii.) There is very close agreement betwoon 
tho visual and photoelootric methods. This 
is true not only between 500 and 550 ra/U, 
whore both methods are very reliable, btjt 
throughout nearly the whole range of either. 

(ill.) In comparing tho photographic detor- 
minatit>n8 with th<s visual or photooleotrio 
between 390 and 5CK> ni/x, it has been found 
that the agreement is usually bettor tho 
shorter the wave-longtli, the less the trans- 
mittancy, and the “ Htoei)or ” tho trans- 
mittancy curve. From the nature of the 
photographic nu^thod it is (Unicult to determine 
oxiwitly tho value of maximum or minimum 

* TransmHlunnr. t.h<^ ratio of the l.ransmiHsioi) of 
a (*<dl <tont.aiiilng a KubHtnn(‘<^ in Holid ion to tiiat of 
the or an etiulvulent cell filled with tli(s solvent 
only. 

3 0 
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transmittanoy. But the agreement in the 
blue and violet indicates that in the ultra- 
violet, where the dispersion is greater, the 
method is very reliable, especially for the 
determination of the freq_uency and magnitude 
of absorption bands, the main purpose of 
most investigations in this region. 

(iv.) Agreements between the visual and 
thermoelectric methods between 600 and 700 
m/i indicate that no serious errors are present. 

(v.) On the Kdnig-Hartens spectrophoto- 
meter with homogeneous light, values of 
the specifio transmissive indes:,^ may^ as a 
rule, be obte*ined accurate to within ±2 per 
cent, provided that suitable concentrations 
and thicknesses are used.^ 

(vi.) Values of k at any wave-length between 
about 400 and 680 m/i visually or photo- 
eleotrioally (ie. both methods being used) 
with a heterogeneous source may be obtained 
with slightly less accuracy than this. 

(vii.) Definite maximum values of k, the 
absorption bands, if nob too narrow, may be 
obtained in the visible accurate to within 
±3 per cent ; but in the ultra-violet, because 
of certain characteristics of the method, the 
uncertainty may often be greater than this. 

(viii.) In the visible and ultra-violet the 
wave-lengths of definite maximum values of 
k are accurate within ± 1 ; in the infra- 

red the uncertainty becomes greater, hut is 
considered less than ±5 m/4 even at 1360 m^a. 

The visual method is the only one so fax 
developed by which, measurements of diffuse 
spectral reflection may be made under approxi- 
mately ideal conditions, and there is no reason 
to doubt that values of reflection are obtained 
with as high accuracy as is possible in trans- 
missive work. As already noted, the photo- 
electric method gave values of reflection 
considered of perhaps half the accuracy of 
transmissive measurements, for approximately 
diffusing surfaces. Examples of the close 
agreement between the visual and photo- 
electric methods for such surfaces are given 
in JS%r. jStand. Tech. Pap. No. 167. Approxi- 
mate measurements on some of the same 
samples by the photographic sector photometer 
method with a quartz -mercury lamp as source 
indicate the reliability of the method if proper 
irradiation is used. tt q a 


8PiiOTRO-POLA,iirMBTBR: an instrument for 
measuring the rotation for different wave- 
lengths of the plane of polarisatioa of light 
by various substances. See “ Polarimetry,” 
§ (14). 

* Specific tranmisme indea:, k : Let T =trans- 
mittancy, 0 = concentration, 6 = thickness ; then 
X: logxo'^r. 

® Tlie photometric precision of this instrument, as 
tested by means of accurately calibrated rotating 
. sectors, is better than 1 per cent. 


SPECTEOSCOPES 
AND REFRACTOMErERS 

1 Theory 

§(1). — When light falls on a prismatic piece 
of a transparent substance it is deviated by an 
amount depending on the angle of the prism, 
and on the property of the substance known 
as its refractive index, which varies with the 
wave-length of the light. Light of difforent 
wave-lengths is therefore deviated bo different 
■extents ; and if the incident beam contains 
constituents of more than one wave-length, 
each constituent beam emerges from the prism 
in a different direction. 

The deviation of a beam of light by a 
prism depends, tlierefore, on two inti^r-related 
physical quantities, the refractive index of 
the prism and the wave-length of the light ; 
and it may be measured with a view to deter- 
mine unknown wave-lengths, if the i>ropertios 
of the prism arc known (or eliminated), or to 
determine the refractive properties of the 
prism for known wave-lengths. The instru- 
mental requirements for i)reciso determinations 
vary somewhat, depending on which of these 
purposes is in view; and the 8i)eetroH(‘opist, 
who is primarily interested in wave-length 
measurements, would rarely have much use 
for the instrument best suited to th(» require- 
ments of the refractometrist, who is primarily 
interested in the refractive indices of the 
prism. 

Since the determination of refractive indices 
may be said to bo the basU*. moasuroment- in 
applied optics, inasmuc^h as the design of any 
optical instrument depends for it-s realisation 
on a precise knowledge of the refractive 
properties of the materials used in its oonslruc*- 
tion, wo shall devote some ooiisidcratiou to 
the methods and instruments best a(la]>tod 
to this jiioasuremcnt ; and in the first iilace 
we shall investigate generally the (‘onditions 
which govern the refraction of light hy a 

prism ” with a view to determining the 
comparative accuracy of different methods 
and the actual accuracy likely to bo obtained 
with a given instrumental equipment. 

§ (2) Passaob of Lioiir rnnoroit a Prism. 
— ^AU the methods suitablo for precise 
fractometry involvo the determination of the 
angular deviation, with respcc^t to «om<^ fixed 
direction, of a beam of light which has hoen 
refracted by a system of plane surfaces, 
usually two in number. Soparato formulae 
are readily obtained for the various methods ; 
but it is more useful, in order to correlate 
such methods and compare their advantages 
and disadvantages, to treat them as aj)ocial 
cases of a quite general relationship. 

Let AB, Pig. 1, be a ray of monochromatic 
light incident on the first of two j)lano surfaces 
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which separate three regions in which the 
refractive indices for the wave-length of the 
light employed are and Atj. We shall 



It is necessary to empl<»y a definite conven- 
tion with resiKSCt to tlu^ signs of angles in 
order to prt^vent confusion, and, in certain 
cases, ambiguity. All anglm will Iw. considered 
positive when meaeured in a coiinter-chc/cwise 
direction from the. (ipjyropriate. reference direc- 
tions, For angles of incidence and rt'ifra<^tion 
the reference directions are the normals to 
the respc^ctive surfaces ; while, in considering 
the angle between two surfaces, the nonnal 
to the surface first encountercul by the ray 
is the reference direction for thc^ normal to 
the second surface. As regards the deviation 
of a ray, the initial din'clion of the ray is the 
n'ference line for th<^ final dirc‘ction. 

Fig, I has bc^en drawn so that all the angh's 
with whi(th we are concerned ann positive on 
the alK>V(^ conv(mtion. The formulae obtained 
from it will of trourse dilTer in the signs of 
certain terms from thosi^ <l(‘duc<‘d in the text- 
books, in which the magnitud<^ of an angle is 
aloms talum into a(*count. 

Iwt the anghi of iiicithmce ABN, “t. The 
n‘fra<‘f(Hl ray BO in the S(‘cond medium 
make's an arigh* N,''B(\ r, with the normal 
at Ib and linally enti^rs <-h(^ third medium, 
making an angh‘ of <mi(‘rgenee Na'(H>, " c, 
with the normal to t-lu^ H<*cond Hurfa<Hi at i\ 
If tht» angh^ betwe(ui the stirfaees is it 
follows from tlu' geonu‘try of the figtire that 
BCNj, the angle <»f inei(i<*nce at th(> second 
surface, r f), and that angle (T)() 

But 0f)() is the angle by whi(‘h the ray has 
iHMm dc^viat't'd by trh<‘ t wo refra<d.ions, 5 say. 
'rhereforc tlm deviation, f e “ i. 

sin'-^ /I Isin r eos (r //) '<*oh r sin 

sin'*' r I Hin’J (r g) 2 sin rsin (r - if) ooad. 


Prom the law of refraction 

Ml sini=gj sin r ; Mh sin (r-0) = ^3 sin e; 
therefore 

sinS ^ ains t + gin2 g 

- 2 miju 3 sin i sin e cos 6, (1) 

Equation (1) is the starting-point from which 
all special cases may be deduced. 

(i.) Parallel Surfaces , — If ^=0, equation (1) 
reduces to 

gg sin e=Mi ®hi i. 


But this is the same rclationsliip between i 
and c that would ai)ply if the first and third 
media were S(q)arated by a single surface. 
The parallel plate of index Mz is therefore 
without cfTect on the final direction of the 
beam, which d(q)cnds simply on the properties 
of the first an d last media. If Mi = Mb l^he ray 
will be undeviated by passing through the 
plate. 

(ii.) Priam m Air . — In this cose aaj=a*j= 1 
(approx.), and equation (1) becomes 

M2 sin® ^?--= sin® c + sin® t - 2 sin c sin. i oos 0. (2) 

There are throe Bi)cciai cases of practical 
importance, viz, e-0; and the case in 

which the deviation is a minimum. 

(a) When e:=-0 the ray strikes tho second 
surface of the prism normally. 3Equation (2) 
reduces in this case to 


sin i' 
'‘•"■'silk 0 


(3) 


(6) When the incidcnco is graz- 

ing,” the ray being refracted at tho so-called 
critical angle. 

liquation (2) redtices in th’s case to 


^ \ Sin 0 J 


( 4 ) 


(c) When the deviation is a minimum 
th(H angk^H of incidence and {^mergence are 
e((uaL This is shown in all text- books and 
it is necdl<‘ss to jirovc^ it hero. ‘When this 
condition is fulfilled i- “ c and equation (2) 
be(^omes 

gg* sin* 0-2 sin® t(l +oos 0)^ 


or 4/42* “■ 2 «in® t . 2 oos* (i9/2), 


whence 


— sin i 


The deviation, ru) + e^i, 
thendon^ 

sin 

Bin 012 ■ 


or 

, . (6) 


'Phe n‘ft<U'r may have observed that the sign 
of sin cin equation (4) and of H in equation (6) 
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are different from th© usually given forms. 
In the latter case, 6 is invariably negative on 
the sign, convention adopted in this treatment ; 
so if 5 denotes the numerical value of the 
measured deviation, S=—5 and 


The general equation, (2), ia 
sin^ 9 — sin® e+sin^ i - 2 sin e ain t cos 

=^{2- (coa 2c 2i)} 

- cos ^/{coti (f “ i) — cos (e H i) j* 


sin 5) 
^“=-s-E 172 -* 


(5a) 


which is the usual form. In the case of 
equation (4) the formula is usually deduced 
in the test-books for a case in which e is 
negative, in which case, if the numerical 
value of sin e is denoted by sin e, the usual + 
sign ia obtained in the formula. However, 
in this 'method e is by no means alwa 5 ^ — ve. 
If ^ or /tg is small, the emergent ray may lie 
between the normal and the refracting edge 
of the pirism, in which case e is positive and 
the negative sign in equation (4) must he used. 
It is easier therefore, as in other optical 
problems, to remember the generalised forms 
of these equations, inserting the appropriate 
signs in practical cases, rather than to 
remember each case separately. 

(iii.) Prism with one 8%rJ(tce in Contact with 
another Jftejractive Substance . — Suppose that 
in contact with the first surface of the prism 
there is another refractive substance. In this 
case 1» and equation (1) becomes 


Ata* sin* ^ = sin® sin* i - Sptj sin i sin e cos 


The only ease of practical importance is that 
of grazing incidence, or t = 90°. 

In this case the equation reduces to 

/ii= ± sin 5 V/ia®— sin® e+sin- e cos 6. 

The index fji^ is positive'^.and greater than 
unity, whereas the product sin e cos 6 is 
necessarily less than unity; so that the 
positive sign before the square root must 
always be taken. Thus 

jiti=sm 0 V/4a®— sin® e-l-sin e cos 6. (6) 

If /ig and 6 are known, can be determined 
from equation (6), the only measurement 
required being the angle of emergence e 
which the ray makes with the normal to th© 
second surface of th© prism. 

§ (3) Angle op Inoidenob por a orvHN 
Deyiation". — In th© preceding section th© 
relations involved in the principal methods of 
refractometry have been deduced. In each 
case some particular value of e, or 5 was 
chosen, the choice being dictat^ by the 
convenience of realising these particular 
conditions in practice 

It is sometimes desired to produce a given devia- 
tion by a given prism (in air), and an angle ef in- 
cidence has to be chosen to give this deviation. 


-^[2-2 {cos (e -f-0 cofl (c - ?)} ] 

— cos 6 ooH (o—{) I ct)H 0 COR (r J * ) 

«= 1 — cos (e 4- i) {cos (e - i) ~ ooh 0 1- 
^ -coH 0 COM (<r-- »)- 

BuB aiid^-'t»=5-'(? ; 

/Ag® sin* 0-1 H-cofl 0 COB (5 - ()) 

= -COS {8-0 \-2i) [(‘OH (5 - 0) — 0O.M 

or 

COH (0‘- 0) “COH 0 

Since 8 is always — vc, provided - 1, W(^ may put 
5=» - 5 where S is the numorical value of the devia- 
tion, and 

OOH (If 1 O) - (^OH 0 

from which, since 0 and nw' HuppiwtKl known « 
the value of i cerreapondiiig to a specified value c»f 
can be calculated. 

§(4) Sensitivity of Methods.— T he equa- 
tions of § (2), relating to various niothocls of 
refractometry employed in pmetk^e, tell uh 
nothing about tho rt'laiive advantage's of i lic^ 
methods, and give no guidance m to tvhirli 
should be used in any part-icuilar cdministaneeMi. 
It is necessary to dincusH tho Kf^nsitivity of tho, 
methods, that is, .tho ohuiigc' in tho nuuiRumi 
quantity per unit change of intU'se, 

and also tho extent to wliivli tlie roHUltn me 
affected by errors in the valiu'H of the auxilitxry 
constants, such, for iiintanc(‘, iik tlu^ angle (»f 
th© prism, or, in the of Ibe nu'thod t<» 
which equation ((>) refers, tht' refractive in<l<‘x 
of th© auxiliary pri.sni. 

Taking first the most familiar mi^hod, tin* 
quantity moasurod ia 5, the uiiiiiinuni d<*via- 
tion. The sensitivity kS may 1 k^ inenRurerl 
by tho number of secoudH wliieli 8 variew wlien 
the refractive index of the prism ehungea hy 
one unit in tho fifth decdnin I place. I'huw 

57':ix«()>:0() r/J 

10* ‘■""ex; 

From equation. (5) above, 

iCoa}(^/*-d) 

fid “ ^ sin 0/2 

Whenoo S= . . (7) 

COB ^(0- »(5) ^ ^ 

Thus the sensitivity ia a function of the devia- 
tion and of tho angle of tho prism, We (*an 
calculate its value for any valu(*H of //g and 0 , 
first finding tho appropriaio vtiliiea of (5 from 
equation (6). 
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For a ^rivcn material (/.e. constant) it is 
interesting to observe liow the sensitivity 
varies for different prism angles. There is 
clearly a major limit to the permissible angle 
for any value of which is reached when 6 
is such that both the angles of incidence and 
emergence are 90°. If Q is greater than this 
there is no emergent ray, the light being totally 
reflected at the second surface for all possible 
angles of incidenc^e on the lirst. 

if 5 = </ + c-i=/^-180% and 

oq[uation (5) reduces to 

^““sin ^/2’ ‘ 

The largest refractive index of which measiire- 
mcnt can bo made with a prism of given 
angle, or the largo.st angle which 


The quantity in brackets is always positive 
provided since, if fxz is unity, the ray is 

undeviatod and emerges parallel to the 1st 
face, in which case e — 90° - 6 and sin e = cos 6. 

This is the largest positive value e can have, 
so that if yU 2 >l, sin e^cos 6. Thus deld/x^ is 
always -vo and the ray is always deviated 
farther away from the refracting edge for an 
increase in the refractive index. 

Clearly the maximum value of 0 for a given 
/Ag, or vice versa, is the same as in the minimum 
deviation method, since the (Jase in which 
both i and -'6 — 00° may bo regarded indiffer- 
ently as pertaining to cither method. 

As regards the sensitivity obtained with 
different angles for a given the general 
features of the curve would be similar to Fig. 2, 


a ])riHm of given index may hav(^ 
and still transmit light, is given 
by the above relationship. 

If g 2 ~l *0 the largest possible 
prism angle is 77 J°, while for the 
usual 00” j)riHm the largest 
poHsibh^ index is 2. 

In Fig. 2 the sensitivity of 
prisms of refractive index 1*0 
and 1*75 is plotted for different 
])ri8m angles. 1’ho sensitivity 
iiH^reases as 0 iiuTcasos, the rate 
of iiK^rease being very rapid as 0 
api)roaeh<w its gr«witc‘Ht possible 
value, being iniinito when that 
value is retu^hed. The curve 
shows that for which 

is about the average of the values 
' eneount<^r<‘(l in practical work of 
high precision, an angle of 75” 
would give more than five times 



t\w scuHitivity <>{ tho UHUttI 00" « _s„u„ltivity ot Minimum DuvMou MotlioU lor lUtorent 

prism. Prism AurIcs. 

Sensilivitv is, however, only A, ^^•“‘1*00. M, ^^1*75. 


OIK' fa<-tor in the accuracy of the 
im^aHununents ; and W(‘ shall see that there are 
oth(»r factors which pnwt'iit the utilisation of 
tlu' lurg(' Hcmsitivity whufli might he obtained 
by Huitabl(' clioice <d prism angle. 

I. (‘Jiving for (be mom(‘nt the case of minimum 
d(‘vijilion, us considiu’ the method in which 
th(‘ incidence is gni/ung, Jind for which wo 
found (c(| nation (4)) 


In this cawi tht^ mcasunHl angle is e, and the 
w'nsitivity, in the same units as adoptotl for 
the last casts will he S 2‘00 {('e/hfii)* 

He “ * ** \ " sin 0 ) sin 

or S ; - 2*0(Vu / (cos 0 - sin e), (B) 

' ■* cos 6 / ' 


for it is easy to see from tho form of equation 
(B) that as cos e approaches zero, that is, os the 
angle of th(» 'irrism approaches the value for 
which tho emt^rgent ray is grazing, de/dM^z 
mcroases more and more rapidly, becoming 
infinity when tho limiting value of tho angle is 
reached. In this case as in tho last, however, 
practical (jonsidorations prevent tho highest 
sensitivity being fully utilised and, as we shall 
see, the' balance of advantage ftrr most 
onlinary puriioscs lies with the 00° prism. 

If them we take the (tO” prism as basis, it is 
useful to c.omparo the sensitivities of these two 
methods throughout tho range of refractive 
index usually en<iount(^re(l in practice. 

These have Ik'cu plotti^l in Fig. 5. The 
curves ti'll us tho acscuracy with which tho 
direcjtion of the emergent beam has to bo 
determined in carsh method in order to have 
an error nut oxcooding 0*00001 in tho refractive 
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index. The precision required is greatest for 
low indices. For indices below 1-5, an error 
of 3 seconds in the direction of the emergent 
ray will introduce an error of 
0*00001 in the result with either 
method. At higher indices there ' § 

is a slight improvement, particu- 1 1 !| 

larly with the minimum deviation j 
method. The region of high I g, 
sensitivity (1*8 to 2*0) is not of I | 

great importance, as most sub- /|-io2 

stances employed in optical work / /- g 1 

have indices between 1*4 and 1*8, / / _ g § 

the great majority lying between / / " ‘j 


which, after transformation and substitution 
from equation (0), becomes 


•4 1-6 1-6 1*7 1.8 1.9 2*0 

ftefraotive Index 

-Sonaitivities of Ecfractivc Index Motisuro- 
monta for different Indicoa. 

A, Minimum Deviation Method. 

B, Grazing Incidence Method. 


1'6 and 1*76. In the majority of cases, then, the 
sensitivity for the grazing incidence method is 3 
seconds per 0*00001 change of index and for the 
minimum deviation method from 3 to 4 seconds. 

The third method which it is 


\/^a^-sui®“ eV 




Thus the sensitivity for measurements of 
which we may denote by S/Aj, 

'>1 

This quantity can bo calculated for different 
values of /Ua, and 9, the appropriate values 
of e being obtained from equation ((J), which, 
for this purpose, can bo reduced to a rather 
more convenient form, viz;. 

sin e=iJLi cos 0- sin . (10) 

In Fig. 4 a series of curves are drawn showing# 
for the case in. which ga=l*75 (a usual value 
for this method), how the aonaitivity, fri/zj, 
varies with the index under test (/t^) ft»r 
prisms of different angles. '’.Pho sensitivity 
is in all cases high for indices near that of the 
block, diminishing to a minimum value, 
which is lower, and occurs at a lower value (»f 
fiif the smaller 0 becomes. Thus with a 
block, the minimum sensitivity (Ksenrs when 
gi = l*67 approx., and is about G soeonds i>er 
0*00001 variation of gi ; for the 

minimum is at fii=l *6, and is under 5 soeonds ; 
for $ ss 00® the minimum is not reached until 
gj is in the neighbourhood of 1*2, and is just 


of importance to discuss is that 
due to Wollaston,^ in which the 
object is not the determination 
of the index of tho j)rism but 
of a substance in contact with 
its first face, tho prism merely 
filling an auxiliary r61o. Several 
commercial rofractomoters duo 
to difforont inventors are made 
on this principle. The prism 
we may term tho standard prism 
or standard block. 

Equation (6) refers to this 
method, being tho index to 
be determined, gg tho index, for 
tho wave-length in question, of 
the standard block, and & its 
angle. Tho quantity measured 
is 6, tho angle of omergonce from 
the second face of tho block. 



Befraetim tndex ytt, 

Fio. 4. — Sensitivity of Rtifractlv<i Index MtniHur<‘mentH by Wollustotk 
Method. 


Differentiating equation (C) under tho con- 
ditions that $ and /Ag are constant, we obtain 

?)/a, , sin (9 , . 

tT- “ sm e cos a) + cos c cos 0 

V® V/tq®“Sm2 fl' 

^ ‘ ^ V Ma* “ siiTL* e - sm e sm 0 ) , 

— sin* 6 

» Phil. Trans., 1802, p. 365. 


over 3 soeonds, while for - 45" the niinintum 
is never reached. 

§ (5 ) Effeots of EnKons in Auximakv 
Constants. — In all the formulno whi<‘h 
have considered the angl(% 9, of the prism 
occurs. This quantity luts, in goniTid, to 
be experimental ly detenu im»d, and is tlierofort* 
subject to possible error. Tho usHum|tti«»n 
of an erroneous value for 9 in any of the 
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formuliio for refractive index will lead to a 
corresponding error in the result. This 
error is clearly pro])ortioual to the partial 
derivatives with respect to 6 of the expres- 
sions for fx^ 

Por the minimum deviation method wo 
obtain, by partial differentiation ' of equa- 
tion (5), 

^ ,008 (0 - 5/2) sin (rt - 5/2) „ 

7\fi ^ Bill 012 * «ir»2/)/0! 


Qm^O/2 


_ - sin g/2 

It is usually more oonveniont to express the 
result as the invemo of this, Le the error in 
angle which will i)roduco unit error in the cal- 
culated refractive index. We may call this the 
Tolerate, in pri<tm luujle. and denote it by T<', 
the factor 2*()(i being introduced as before to 
give the result in seconds of arc per 0*CMXK)1 
error in index. 


grazing incidence than for minimum deviation, 
except neai* the limiting prism angle, in which 

5r 



Thus 


^ Bin 5/2 


Fio. 0.— Tolornnco in AhrIc of Prism used for 
Kefnuitlve XmU‘K M.(‘aHuremeiita. 

Al, Minimum Deviation. 

B, ()lra;dng Incidence. 

case tho two methods tend to become identical. 
In fi(j. (5 is plotted the tolerance with a 
6(P prism, for different values 
of the index. 


Kor tho grazing incidonee method by diffor- 
outiation with reaiJocst to 0, of equation (4) 
w’o obtain 


2ms 


De 


t, /cos 0 - Bin e\ 

\ sin (/ ) 

■( 


/ 

\ ~6i 


^ /cos 0 - sin ft\ 
sirW^ / 


sin 0 

( 


cos t) - sin t 
sin* 0 



I +■ oos 0 


/cos 0 - sin e\ \ 
sin* 0 ) ,/ 


r: -2j 






XV ' 2 -()r> 

In FUj, r> 

methodH 

refractive 


?() 

, T( 

for 




( 12 ) 


is plotted for both of thcHO 
difffToni prism nngh'H, the 
inde.K Ix'ing taken us bb. We H(*e 


7.— Toloranc^e of AnRlo of Block in 
Wollaston Method. 

In tho case of tho WollastonL method we 
have, from equation (C), 

i7 e-sin e sin 0, 

which rcduociB to 

(Vi 


Thus 


aVr,:t2-0« 


2'()« 




(13) 


3S 


41 


-Si 


40’ 


50” 


00’* 

Prism Angis 


70* 


Pro, 5, -Tolrrauce In Anglo (tf PrHnw iHcd for Hefmetlve Index 
IMorminut ioiw. 


A, Mini til am Deviation! 
!t, (irazliijjt In<‘hl(‘ne<t f 




from tlu' Hgur*' that tlu^ effei’t of mi error in 
llie angle' of thf^ prism ih nmeh gn'ah^r for 


In ihiH <taHe, th<irefore, the tolcranoo 
ill aiigh^ in ind<q)ond(^nt of tho angle 
of t ho iirifini, dopending only on the 
values of and /t*. Assuming 
7 shows the value of 
To for difftwnt values of tho index 
under test. Wo soc from it that 
tlic effo(!t of an error in 0 is loss 
the higher tho index under tost. 
Kor Hubstancos of index about 1*5 
an error of two seconds in tho angle 
of the block will introduce an error 
of O'CMHK)! in the value of tho index. 

The accuracy of this method 
also <le pends on tho accuracy with 
which /tq, the index of tho prism, 
is known. Tho error in /Uj duo to 
an error in tlu'i assumed value of jug will be 
proportional to the partial derivative al the 


77^ eo' 
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The use of q_iiartz jaws was suggested by the 
late Sir W. Crookes A These are bevelled to 
a very sharp edge in the same way as the 
ordiaary metal jaws- The edges therefore 
form prisms, and light which passes through 
the quartz is refracted towards the sides of the 
collimator tube, hy which it is absorhed. 
Only the light passing between the edges 
reaches the Ions of the collimabjr, just as in 
the case of opaque jaws. The advantage of 
quartz jaws is that they can bo polished to a 
more accurate edge than metal. The dis- 
advantage is that the edges arc so extremely 
fragile. The jaws should fchoroforo ho mounted 
in such a way that the moving mechanism 
drags them forward by friction, so that there 
is no possibility of jamming them together in 
the event of the slit being accidentally closed. 
It is surprising that tliis method has not boon 
generally adopted oven for metal jaws, as it 
would greatly niinimiso the risk of damage to 
a vahiable slit. 

The slit is usually attached to a short tube 
which slides into the end of the collimator 
tube, and may bo adjusted, preferably hy rack 
and pinion, for focussing the collimator. 

The body tube of the collimator should bo 
lined with sonic ccjrrugated material or fitted 
with a series of diaphragms to prevent light 
which falls on the aulo of the tube from being 
reflootod as stray light through the Ions, 

The lens of the collimator should bo a 
tolosoopo ohjeotive of the linost quality. It 
should ho free from all but the merest trace 
of sphorioal aberration, Pho lonsoa employed 
in spectrometers are almost invariably oe- 
inented doublets. There is therefore always 
considerable residual ohroinatio aberration, 
which is usually particularly manifent at the 
blue end of the spoctnim. By the use of 
triple lensoH the greater j)art of this could be 
obviated, and a very serious nuisance to the 
spootroscopist removed. 

(ii.) y7ie7’(}/flwo/)c.—Tho roquiromentsof this 
important part of the spoc-i-ro meter liavc not, 
uiifortunatcdy, receivo<l tlie attention from 
makors which ought to have Ixv’in devoted 
to t-luMii. Ah in the <!aHO of the collimator*, 
tdeHc.opoH nn‘ frecpimt-ly iittccl with objeett 
gljiH.seH inn(l(^ to an ordinary fonnulii Hui table 
for t(dt‘H(‘oi>eH of Hurv<\viiig instrurmiiitH, ctc\ 
'The type of colour oorreotion Kuitable for Hueh 
iuHirumontH is ('iitin'ly unHuitod for HptM^tro- 
Hoopic wi>rlc, in which (,h(i rays at the oxfcremc 
of the Hi)eetrum iirtijuHt as i mp< )rtant as 
those in the more regions. Here, as in 

the case of the oolliinuior, it would be poHsibIc 
to get a imioh more satisfactory result from a 
triple lens than fnun the usual doublet. 

Ah the teles(U)pe may Homet-imes have to be 
used with a microriiotc^r oytq>ie<^(^ the Ions 
ought to be <lt^Higiie<l ti> give the host doliuition 
* Chem, Nma, 1SD5, hcxl. 176, 


possible over a held of at least 2° on either 
side of the axis. Eurther, the field of view 
should be flat, otherwise the measurements 
with the micrometer eyepiece will bo affected 
by distortion. 

The power of the eyepiece employed may 
vary over a fairly wide range without appreci- 
ably affecting its usefulness ; but a convenient 
power is one which gives a magnification of 
the telescope as a whole of 18 to 20 diameters 
for each inch of effective aperture. 

An important feature of a spectroscopic 
telescope, and one which greatly influences 
the accuracy of the results obtainahle with the 
instrument, is the cross-lines. 

Considorahle experimenting with settings 
of different typos has been done by various 
workers, but there is very little doubt that 
the most siiital)lo arrangement for general 
spectroscopic work is that in which the cross- 
lines arc mounted diagonally as shown in 
Fi(/. 9 (a). The angle between the linos varies 
in different instruments from about 20° to 
90®. Where possi bio the writer always mounts 
them at GO®. Such lines can bo set with great 
accuracy on a vertical lino as hi Fig. 9 (6). As 
regards the thickness of the lines, there is 
no great advantage in having them excessively 
fine. Within reasonable Ihnits, the thicker 
the linos the loss fatiguing it is to keep them 



in sharp focuH. With an eyepioco of about 
li cm. focal length a convoniont diamotor of 
lihro to employ is from 4 to 8 /i. 

In tho case of a mioroinoter eyepiece, the 
host tyj )0 is that in which tho ocular can bo 
moved as well as tho cross -lines. If the ocular 
is lixed only small rnov omen ts of tho cross -linos 
arc possible, since tho definition falls off 
rapidly to wards the edge of tho flold, Rut 
if the ocular c?aii also he tianslatod, so that 
tho (iroHH-linoH always appear in tho centre of 
tho field of view, good definition is obtained 
over a rmudi larger range. 

(iu.)y7<e w-laiv rmd A'ra/c, — Tho considerations 
<)f§4^ (4) and (6) wbow u.s t-liat in order to measure 
r<*fra(5tivo indk^cH correctly t.o the fifth decimal 
jdaoe it isneccHBapy that wo should bo able to 
<lek'!nuino angles to within a little over one 
second of arc5. ^'liis requires most accurately 
turnied ceiitrcH and aceunitely divided scales ; 
but even when the iustruintmt-makcr has done 
his vc^ry liewt-, l-hort* is much to he done by the 
exporinicnter in discovering tho poouliarities 
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right-liand side of equation (6) with respect 
to yU 2 , 0 and e being regarded as constant. 

3m, , ( 14 , 

In the particular case when ^ = 90°, this 
reduces to In 8, is plotted 

for different prism angles for two values of 


deviated to different extents. If the slit 
is at infinity, all the rays from any point of it 
which reach the prism are deviated equally 
and can be recombined at a single jioint 
in the focal plane of the telescope. A sharp 
image of the slit is the result. The slit is 
usually formed between two jaws of mitamisli- 
able metal. The edges are bevelled on the 
side which faces the lens and are ground 
perfectly sharp and straight. The method 



of mounting the jaws varies in different 
designs ; but there is invariably provision 
for opening or closing the slit by moans of 
a screw of fine pitch, which is usually ])ro- 
vided with a divided drum so that the slit 
width can be set at definite values. In the 
majority of cases one of the jaws is fixed, 
and the slit opens and shuts unsynimetrio- 
ally. In some of the more exi)ensivo slits 
both jaws move simultaneously, st) that 
the centre of the slit remains in the siime 
position whatever the slit width. Sonui 
workers have a preference for symmetrical 
slits; but except when the instminont is 
used as a monochromatic illuminator, it i :3 


Angle of Block doubtful if there is ap])recial)le advantage 

8.— WoUaston Method. Effect of Errors in Index ^ hand, with an 

of Standard Block. observer who is apt to take an instrument 


It will be noticed that the smaller the value 
of 6 the smaller is the effect of an error in 

II. The Speotrometbb 

§ (6). — The spectrometer in its simplest 
elements consists of a collimator, an adjustable 
table on which a prism or other dispersing ap- 
paratus may he placed, a telescope which rotates 
about an axis concontrio with the table, and 
a circular scale on which the angular position 
of the rotating telescope may bo determined. 
It is necessary to bo able to rotate the table 
itself about the same axis as the telescope 
rotates ; and, except in the sim])loHt instru- 
ments, means arc provided for reading the 
angular position of the table, either on the 
same circle as used for the toloscopo or on a 
separate circle. 

The former arrangement is the more 
generally useful, since it enables rotations of 
the table to bo dotorminod with the same 
accuracy as rotations of the tclosoopo. Where 
a separate circle is provided for the table it 
is rarely of the same acctiracy as tlie other. 

(i.) The Oollimator . — Tliis consists simply 
of a narrow slit at the focus of a Ions. The 
rays from each point of the slit arc therefore 
rendered parallel by passage through the 
Ions. The necessity for collimatif)U is duo to 
the fact that unless the slit wore virtually 
at infinity, rays from any ])oint of it would 
moot different ])arta of the prism at difloront 
angles of incidence and would therefore be 


on trust, they may bo a sounie of clanger. 
When precise measurements are iu question 
it must never be assumed that the centre 
of the slit has exactly the same position for 
different widths. It is not thoreforo satis- 
factory to vary the slit width when dealing 
with spootrum lines of different brightnessc^s 
as advocated by somo writers. If some 
lines are too bright with the slit wi(lt.h necessi- 
tated by the faintness of others, their bright- 
ness should bo diminished by placung absorbing 
glasses between the slit and thc^ sourtso, rc^- 
moving those when w'orking on the faint lines. 
There is no slit mechanism sufficuonlly perfect 
to enable one to assume an absolutely «ym- 
motrical opening and closing of tb(^ slit to 
the very high degree of accurac^y of which a 
M'oll -designed spectrometeir is (uipabh*. 

Whether symmetrical or unsymmetrical, a 
good slit w'ill also have prfjvision wln^rehy the 
exact parallelism of the jaws may \hs acljusted. 
In certain classes of work extreitiely fine slit 
widths, as little as O-Ol mm. fcjr instance, 
are used. It is only with the most acrcurate 
adjustment for panillelism that slits of such 
fineness are po.ssible. 

When a good slit has been obtaine<l it 
should be treated with th(^ utmost <(ar<'. 'I'o 
close the jaws completely Is almost invariably 
fatal, and it is rare to find a slit whi<^h has 
been in general laboratory use for any length 
of time which will close down to a very narrow 
width without showing stn^aks across ilie 
spectrum duo to some parts of the jaws being 
in contact. 
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of the instrument and the errors to which it is 
liable, and in devising means for their elimina- 
tion or correction. The proper attitude to 
adopt to any instrument is one of distrust and 
suspicion; and it should not be regarded as 
accurate in any particular until it has been 
carefully verified by tests as many and varied 
as possible. 

For working to anything less than ten 
seconds verniers are unsatisfactory, and the 
scale has to be read by two or four micrometer 
microscopes. The need for an even number 
of microscopes arises from the very probable 
existence of “ centering error.” Tliis error is 
due to the scale not being exactly concentric 
with the axis of rotation. 

Suppose Cl, Fig, 10 (a), is the centre of the 
scale, and C^ is the axis about which the moving 
portion of the instrument rotates. Let OgV 
be the arm carrying the vernier or micrometer. 
Then the reading will be at R, where OgV inter- 
sects the scale. Let the line of excentricity 
EEj make an angle from the zero point Z 
of the scale and lot e. It is clear that 
if the scale reading is that is, when the 
radius bar lies along EEj, the reading is 
independent of the displacement e, and is 
therefore the same as if c were zero. When the 
bar is in any other position the angle through 
which it has been rotated from E Ei is BC2E1. 
But the angle recorded on the soale is RfliEi. 
The recorded angle is therefore too small in 
the case shown by 0,RCa=esin ^/r, r being 
the radius. For any scale reading <!>, therefore, 
there is an error of - (e/r) sin (^ - This is 
of maximum value when the vernier arm is 
perpendicular to EEj, and is zero when it 
is parallel to EEi, The curve of error will 
be a sine curve of the form shown in Fig, 10 
(6). The actual error between two rea^ngs 

and 02 is the algebraic difference between 
the ordinates of the curve at these readings. 
It may therefore vary from zero to 2(e/r) de- 
pending on the values of 0^ and 02. 

We notice, however, that the ordinate at 
any point of the curve is equal and opposite 
to that at a point 180'’ from it. Thus if 
there are two verniers ISO® apart the errors 
of one will always be equal and opposite to 
those of the other, and tho mean of their 
readings will give tho true angle. 

Thus centering error can be eliminated if the 
moan reading of two verniers (or micrometers) 
180® apart are taken. Spectrometers, except 
of the most elementary typo, are therefore 
fitted with two or four verniers (or micro- 
meters) equally spaced round the circle. 

This, however, while it eliminates centering 
error whore the dirootion and magnitude of 
tho eccentricity is constant, docs not elimin- 
ate every possibility of error from defective 
centres. If in the course of rotation the 
relative position of Ci and 0^ alters, which is 


certain to happen to a greater or less extent 
imless the hearings are perfect in tho literal 
sense of the term, the errors in each vernier 
reading need not follow tho simple sine law 
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and will not necessarily bo eliminated by 
taking the mean of readings 180® apart. An 
instrument, even if perfect when new, is 
certain to develop erratic centering errors of 
this type in tho course of time, unless the rotat- 
ing portion is very carefully balanced so as to 
press uniformly at all points of the bearing. 
If tho contact is heavier on om side than 
another, tho axis will bo worn slightly (dliptieal 
in use, work being more concentrated in some 
ranges of angle than in others, and tlK^mfore 
e will change both in magnitude and tlinHrtit»n 
for different readings. 

Apart from centering errors, the sr*alo 
divisions may tliomaelves bo n(>n-unif(>nn. 
There may be gradual variations of tho si7.(» 
of a division duo to unsuspected centering 
errors in tho dividing engine with which 
the graduations were cut, or there may be 
irregular displacements of the division lines 
owing to imperfect working of tlu^ engine. 

To calibrate tho circle for <‘very divisitm 
is a very tedious business, and is not at all 
easy to perform with great accuracy ex<‘ept 
where special apparatus exists for such 
On this account it is \i8ual in the best itistni- 
monts to provide means for altcritig the 
orientation of tho scale with rcsp<‘ct to tho 
verniers or microscopes^ in onlcr that a 
particular measurement may bo rcpcat<‘d. 
using different graduations distribut^Kl roinul 
the scale. In this way, if suffi<!iont measure- 
monts are made, tho gra<luation errors t<md 
to average out. 

The foregoing considerations apply bcjth to 
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tho measure inonts of the* rotation of the 
telescope and rotation of the table. A serious 
defect in the design of most sjjcctromoters is 
that the axis of rotation for the ttvble is much 
less satisfactory than for the telescope ; 
consequently measurements of table rotations, 
oven when made on the same circle as those of 
the telescope rotations, are liable to much greater 
errors due to defective action of the centre. 
This is a serious matter in tho general use of 
such instruments where, for certain purposes, 
such as tho measurement of prism angles, for 
instance, it is necessary that the ttiblo rotation 
should be measurable with tho very greatest 
accuracy. 

There is one more important point about 
the centering arrangements of the spectro- 
meter, The two moving parts should bo 
mounts on a single axis, the table being, of 


M'ith radial and e<jn centric webs on tho lower 
side, and provided with two concentric slots 
of ± section in the upper face. These are 
shown at 1 in the figure. Tho collimator, 2, 
is of 31-inch aperture, and can be clami)od 
to the base in any azimuth by four bolts, 
tho heads of which are in the broad portion 
of tho J_ slots. The telescope, 3, of 2J-inch 
ai)orturc is mounted on an accurately balanced 
arm. In order to reduce tho weight on the 
centres to a minimum, light alloys were 
omi)loycd where vor mechanical considerations 
permitted. A second telescope, 4, tho uses 
f)f which are indicated later, is provided. 
This telescope is identical with 3, except that 
it stands on a ])illar which can bo clamped 
in any position round tho base in the same 
way as tho collimator. When not required 
it can bo removed. Both telescopes and 



Fig. 11. 


course, uppermost ; and tho clamping devices 
and fine motion llttings should bo ho arranged 
that ther<‘ is no fri<!tiomU connection whatever 
l)etwe(m the two rt)tiital>le parts. If this is 
not tMumred tho usual result is that the part, 
whi<‘.h in a given experiment is supposed to 
nunain tixt'd, stdfers a slight drag l>y tho 
moving part in th(^ direction in which tho 
latter iH mov(Mi. 

(iv.) ;I Slfunlttnl SpMroniHrr, -\n Fiif, 11 
is shown a Hpectrom<‘tcr (b^sigiied in its 
ess<‘ntiiilH l>y th(^ writer and in detail hy 
Messrs. K. it. Watts, Ltd,, of Isindon, who 
rnatle the instrument for tho ()pti(tH Depart- 
nmnt of the National PhyHi<;nl Laboratory. 
'Phe dinmt'h'r of the haw^ is 36 inches, which 
gives the scale of the figure. 

The aim in the domgn was to avoid all 
sources of error which could l)e for<'scen and 
to nuider easy the detection and elimination 
of Htndi unforeseen and unavoidable errom 
as might still be prcs(mt in the comjdeted 
inKtnuinmt. 

'Phe bust* is a circular iron plates Btrengthoned 


collimator are provided with adjustments 
for horizontality of axis, which are carefully 
designed to give groat rigidity without tho 
iniroduetioii of strain in tho tubes. 

Tho centre oonsistH of a strong tapering 
pivot. About the low'or portion of this the 
tolosoopo rotatcH, fine adjustment being 
obtained by im^ans of tho clamping collar, 6, 
and tangent screw, 0. A ring, 7, is screwed 
on a tlmuul at the lower end of the pivot. 
This ring supports a ball-bearing, which in 
turn 8upp()riH the wiught of tho moving tclo- 
scopo system. By adjusting 7, tho moving 
sysUnn can be slightly raised or lowered to 
vary tlio tightness t>f the <ientro and secure 
proper freetlom of rotation. 

(in the upper half of tho central pivot, a 
second moving systetn, cotisisting of tho 
table and graduatc^l circle, rotates. Tho 
cirtslo, whicli is of 15 inclios diamottjr, is 
<v)nii)let<4y encloH(^<l by a dust-proof cover. 
Tlic H(‘ale irt nuid by four mierometor mioro- 
scopes, H, readitig directly to half -seconds 
and by ostimation to less. These are attached 
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to a ling associated with the lower moving 
system and can be fixed in any position 
relative to it. The table itself can rotate 
for adjustment purposes independently of the 
circle. For this motion it is actuated by an 
endless tangent screw, 9, which can be thrown 
in or out of gear by a paul, 10. 

When using the instrument for purposes in 
which rotation of the telescope is to be 
measured, the upper moving system has to 
he clamped to the pivot, thus fixing the 
position of the circle. The clamping device 
employed is such that no radial force whatever 
is exerted on the system. There is therefore 
no possibility of centering error being intro- 
duced by the process of clamping. When 
measuring rotations of the table, the telescope 
being fixed, the upper moving part is un- 
damped from the centre. Fhie motion of 
the circle relative to the telescope is obtained 
by means of the clamping collar, 11, and 
tangent screw, 12. This collar can be removed 
entirely when not required, thereby removing 
any danger of a slight frictional drag on the 
circle and table when rotating the telescope. 
If desired, the tangent screw, 12, can be 
transferred to the support of the additional 
telescope, 4. 

This instrument, it will he seen, can be 
used with equal accuracy for all purposes for 
which a spectrometer can be employed. 

§ (7) The Prism. — In the last section 
the principal features and requirements of a 
spectrometer designed for the most accurate 
refraotometry (and goniomotry generally) 
were indicated. We shall now look at the 
requirements of the prism on which such 
measurements are to bo made. In the first 
place, we must decide to what angle it should 
be out. In discussing the sensitivity of the 
two principal methods available for determin- 
ing the index of the prism, viz. the minimum 
deviation and grazing incidence methods, wo 
saw that the sensitivity considerations alone 
would lead us to employ the largest angle 
for which light would still he transmitted 
by the prism. Further, from Fig. 4, the 
extent to which an error in the angle of the 
prism affects the result is seen to be nearly 
the same for all prism angles for the minimum 
deviation method, while it diminishes appreci- 
ably as the angle increases in the case of 
grazing incidence. This would also lead us 
to use as large an angle as possible. 

There are other considerations, however. It 
is clear that the more nearly grazing the 
emergent ray is, the narrower is the transverse 
aperture of the beam which enters the telescope. 
This results in loss of definition. Up to a 
oortain extent this is found to be without 
(effect on the precision of the settings ; but 
u-Iiori carried too far some accuracy is lost, 
f)art icularly in the method of grazing incidence. 


in which, as we shall see later, the sotting 
is unsymmetrical. This consideration would 
lead us to use small angles. The final 
oonaideration, and the decisive one in the 
present stage of angular inetrologyr i-s that 
angles which are submultiples of 300®, such 
as 30°, 45°, 60°, and 90°, can easily and 
conveniently be measured with greater 
accuracy than those of intermediate value. ^ 
This fact leaves the balance of advantage with 
the 60° prism. Not only so, hut if the 
substance is isotropic, or if it is a uniaxial 
crystal with its axis perpendicular to the 
principal plane of the prism, so that it baa 
the same refractive index in any direction in 
the principal plane, it is ijossibio, if all three 
faces are polished, to make mcaauromenta 
with each angle in turn. Glazobrook haa 
shown 2 that if the individual angles of an 
approximately equilateral prism do not differ 
too much from 60°, the moan of the deviations 
when each angle is used in turn is equal to the 
deviation corresponding to a prism angle ()f 
exactly 60°. It must he homo in mind, 
however, that this result assumes that the 
prism is a true prism, i.c. the throe odgea are 
supposed to ho accurately parallel. By the 
assumptions on which the formulae of priaiu 
refraction are based, the angle of the priam 
is the angle between the two plane fact's at 
which refraction occurs. If the i)riHrn is 
pyramidal, the sum of the angles between 
the faces taken in pairs exceeds 180°, and the 
mean deviation corresponds not to 60° but 
to 60° -j- 1/3, where the sum of the three angles 
is 180°+$. It is shown in the nrtiolt^ t»n 
“ Goniometry,” where the methods of measur- 
ing prism angles are dealt with, that for a 
60° prism, ^ = 0-279P® x 10- ® seconds, when' P 
seconds is the inclination of an edge of tho 
prism to the opposite face. Thus if 
pyramidal error of tho prism is 10 inimitos, 
the sum of tho angles is 180°+ 1 hocoikI. 

While it is nocessaiy to bear this in mind, and 
to test for pyramidal error, no i)riHin which is 
otherwise good enough for ])r('!ciaion dot(*rrniua- 
tions is likely to have more thunafowminuU^s" 
P3rramidal error at tho outside, in which casr^ 
tho excess of tho angles over 181)° (‘an }>c 
neglected. 

Thus with a 60° prism it is possiblt' to 
dispense altogether witli a precise ku(>wledg<t 
of tho angles, ther(d)y <‘liininaiing about half 
of tho possible pxp(‘riniontal (‘iT(»r of th(‘ ind<‘X 
determinations. 

A prism whic.h is to be used for determina- 
tions of groat acoAirncy muHt he in th(‘ liigh<*st 
degree homogeneous and have its Hurfac‘<‘H 
very accurately plane. 

The total effect of dofet^ts of surface anci 

^ 8eo article on (loniomotry/* § 

• See footnote to paper by CUlford, iioy. Soo. T*rm.i 
1902, XX. 230. 
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non-homogeneity on the transmitted wavo- 
front, and also the planencss of the surfaces 
themselves, can be tested by interference 
methods {vide “ Interferometers : Technical 
Applications,” § (4)), and from these results 
the departures from homogeneity of the 
material can be deduced. The great skill 
with which surfaces can now bo polished 
renders it easy to got prisms with surface.s of 
almost perfect flatness ; but it is by no moans 
easy to obtain a prism of satisfactory homo- 
geneity. In fact the lioinogoneity of the 
material is what sots the limit at ])rosont to 
the acouiacy to which it is worth while 
attempting to push rofractoniotric^ measure- 
ments. 

Theoretically, by increasing the mocdianical 
perfcotion of the spectrometer, and by using 
t{descopos of greater a])ortiire and power, 
the precision of the angle moasuromonts could 
be increased very {considerably Ixyond what 
is necessary for fifth pla<ie accuracy in the 
index measurements ; but the useful sisco 
of tho tclosoopeH is limitc'd hy the size of 
prism which can bo obtained of satisfacitory 
honiogonoity. It is of little use at present 
to attempt to use prisms of mon^ than 2- 
in(di side. 

§ (8) AD.nTSTMKNT OF flPKClTKOMETETl. — 
There arc two principal adjustments which 
have to bo made before a fff)ectrometer is ready 
for tiso. The collimator and toloscopo have to 
be focussed for parallel light, and they have 
also to bo adjusted so that their optic axes 
are perpendicnilar to the axis of rotation of 
the instnnnent. There are various ways of 
performing these adjustments ; but by far 
the most convenient makes use, in each (‘ose, 
of an auxiliary telescope. 8inoo such an 
auxiliary telescope is of f.he greatat con- 
vtniienec in many methods of using the 
spec^troHOopo, parti(^ularly for goniometry 
(mV/e “Ooniomotry,” § (2)), the experimontor 
sliould always provicb^ on<^ for his instnimont. 
The t<^b'scope should Ix^ similar to that of the 
H*i)e(‘.tromet(''r, thotigh it need not have n 
mi(‘romot(T eyt‘pie<?e, and should be mounted 
on a rigid Ht.«ud with afljnstnble f(‘(»t as 
described in f lu^ article just (luoted, 

'PIk^ adjustiiKnit. for collirnation is very 
simple. First one hdescope an<l then the 
ol.h(*r is foeuHw^d on slit of th<^ collimator. 
'Phe f-wo t<HleHcop(‘H an* then pliwu'd in line 
witli (wh other, and tho <TOMH-iines of one of 
them illuminal'^<i by means of a lamp ’[>laeed 
l>ohind the ey<^piece. If on looking through 
the otlier the (Toss-lines of the first appear 
in sharf) focus, t.he eolliinatkm is ctuTi'cl, 
If* how<w<T, the (udlirnator was not. in eornnrt 
adjustment to start with, f.h<^ t.<d(‘Rcop{*H 
wont! (Mieh b(^ focussed for an ol>j(»ct (dtluT 
within or Ix^yond infinity. Suppose flu^ latter* 
or. th(^ teh'scoiw eross-linc^s, arc* xKsaror the 


objective than tho true focus, then if the light 
passes in the reverse direction, rays from a 
point in tho piano of tho cross-lines will leave 
the objective as a divergent beam. Thus 
when the first tclescoj^ is employed as a 
collimator with respect to the second, the 
rays from it diverge, whereas tho second 
telescope is focussed for converging rays, and 
so the cross-lines of the first are not seen in 
shari) focus. Half tho adjustment necessary 
to bring them into focus should be made with 
eadh telescope, after which both will bo 
correctly collimated. Either can then bo 
directed towards the collimator axid tho latter 
adjusted to bring tho slit into focus. 

If tho initial error (jf collirnation is great, 
tho i)roe.cHS should bo repeated ; a very few 
repetitions will secure ])crfect adjustment. 

Apart from spectroscopic work, any throe 
teteiopes or collimators (san be focussed for 
infinity in a vcTy short s])aco of time by 
adjusting them in this way until they will 
foe.us on each otluM’ iu jiairs. 

In th<^ ease of the s 7 )(TXr()Rcopo tho collima- 
tion must be adjusted for tlu^ wave-length of 
tho light with which tho instrument is about 
to bo used, since the cdiromatic aberration 
of the lens(‘s is always appro(dablo near tho 
extronuti(^8 of tho s^xectruni. 

TIio adjustment of tho optic axes of tho 
telesimpe and collimator to bo porpondioular 
to the axis of rotation of tho former is also 
most eonvoniontly performod with tho aid 
of the auxiliary teloscoi^o. Tho method is 
m follows : 

Tho rotating toloscopo is tumod to an 
oblique position, such as Tj, 12, and a 
prism is S('t on tho table and adjusted so that 
one of its faces rofloets the light from tho 
collimator into tho telescope. It is necessary 
to mark the approximate centre of the slit. 
This is usually done by stretching a fine wire 
or fibre across it; hut it is mu<b bettor to 
employ two such fibn^s, sc^parated by about 
0:5 to 1 nmu The 7 K>int half-way between 
thcH(s which can he judged with ample 
accuracy, is taken as the centre of the slit. 
This obviates making sett-ings whc'ire tho slit 
is (Tossed ))y the fibre. The prism is lovclled 
by moans of one of tho adjustment screws 
of the table so that the oentre of the slit comes 
on the e.roRH-liiK^H of the lAscopc. The latkT 
is now rota1.(sd out of tho way and the auxiliary 
t(*l(*s(^op(‘, M^* set tip in its place, Tho latter 
is adjusted by mearxs ef it-s own levelling 
S(TewR until the c<mtre of the slit is exactly 
on tho (TosH-linoB. It will he clear that by 
this procc'HS we have plac('d t-lu^ auxiliary 
teh'HCTopt^ with its axis in (‘xac.tly the same 
direct-ion as that of tln^ t<‘l(w.op(»i T, in its 
initial 7)08114011. Tlu^ prism is now r(miov(^d, 
and T^ is swung into a posit-ion in lino with 
Ta* A lanip is 7 )lace(l behind tho eyepiece 
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of the latter to illuminate the cross-lines, which 
are then, visible in. the field of T^. If the adjust- 
ment is correct, so that the axis of generates 


Ti in first arrangement 
Ta in second „ 




Collimator 




T, In second arrangement 


I’m. 12. 


a plane on rotation, it is evident that the 
cross-lines of Ta and those of itself will be 
at the same height in the held. But if the 
optic axis of Ti is not perpendicular to the 
axis of rotation, it generates a cone, and in 
this case there is a vertical displacement 
between the cross-lines of Tg and those of Tj. 
Obviously the angular extent of this dis- 
placement is twice the amount by which the 
axis of Ti departs from perpendicularity 
to the axis of rotation. Tj is therefore adj usted 
to reduce the vertical displacement by one- 
half, when its axis should be in correct adjust- 
ment. It is then brought into lino with the 
collimator and the latter adjusted with respect 
to it. It is advisable to repeat the process 
if the initial error is largo. 

This method of axis adjustment can be per- 
formed quite quickly in practice, and is much 
less tedious and also more accurate than the 
customary spirit-level methods. 

§ (9) The Use of the Speoteometer 

FOR RbPRAOTOMBTRY. MlNttHTTM DEVIATION 
Method. — ^The prism of which it is intended 
to measure the refractive index is placed on 
the table. Let Fj and Fg, 13 (a), be the 
faces which are to be employed in the measure- 
ment ; one of them, F^, should be placed ap- 
proximately perpendicular to the Line ab joining 
two of the adjustment screws of the table. 
The telescope is put in any convenient position, 
say T, Mg. 13 (6), and the table rotated so 
that an image of the slit is seen by reflection 
in Fj. The centre is brought to the level of 
the cross-lines by the screw a. Fig, 13 (a). 


The table is then rotated until Fg is in the 
position previously occupied by Fj, an<l the 
height of the imago adjusted by tho adjuHt- 
ment screw c. Since this does not affect tlio 
previous adjustment of Fj, both Fj and Kg, 
and, therefore, also the edge in which they 
intersect, are now parallel to tho axis of 
rotation. Tho prism is then in adjustnioiit 
for making tho index moasuroinonts. Tho 
minimum deviation method is carriod out as 
follows : 

The prism table is rotated so that tho light 
transmitted by the prism is deviated to one 
side as in Fig. 13 (c). The table is rotated, 
and the imago followed with tho telestio;!)© 
until tho deviation is a minimum. Many 
observers uso special methods for determining 
when the deviation is a minimum ; btit it is 
quite easy to obtain the correct position 
without them. In case of doubt, however, 
the best method is to note the two fX)8itions 
of the table for which the (ieviation lias a 
particular value just a little in excess of tho 
minimum, and then sot it half-way between 
these positions. If the telescope is provicU^<l 
with a micrometer eyepiece tho best method 
of determining tho position of the tcle«eop>o 
is to clamp it in the a])proxinmtoly com^ot 





Pio. 13. 


position and nolo tho scab' n'nding. This shouhl 
be loft fixed and the seric's of ludual settings 
on tho spectrum lino made by nu'ans of the 
micrometer eyepiece. The incUvidual wttingH 
will usually bo of greater prcKUsioii, and eontx*- 
quently fewer will be roquimd to attain a giv<‘n 
accuracy of tho mean than if the tcd(*«t*cqf«^ 
is moved bodily at each setting. 

Having determined the direetion of the 
refracted ray in this position, tho prism table 
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is rotated so that the deyiation is to the other 
side, lig. 13 (d), and the same process of 
naoasuremont is J)erformcd. The diHorence in 
tlio scale readings for the two cases, eorrooted 
for the difference in the micrometer means, 
is twice the angle of minimum deviation. 

The necessity of doubling the angle by 
emi)l<)ying the two positions of Fig, 13 (r.) 
and (d) arises from the diflicnlty of taking 
the zero reading with the toloacoiM^ and 
collimator in line. I’ll esc are focussed hxj 
for the wave-length of the nionoclirornatic 
radiation for which the determination is 
being made. If a direct zero reading were 
attompt<^cl the light in the image of the slit 
would comprise all the components emitted 
by the source, and in general the settings 
could not 1)0 made without readjustment of 
focus. 

Sucli, in outline, is the minimum deviation 
method. There arc various matters of tcch- 
nhpio which must receive attention, however, 
if t-he highest aetmracy is aimed at in the 
results. 

(i.) PoMthn o/ Pri/tni on Tabic, — This 
must bo HO acljuHtccl that in both positions, 
Fig, 13 (c) and (d), the light comes from the 
same area of the collimator lens and enters tho 
same area of tho tolcscopo Ions. If, for 
instance, the prism is arrange<l with its oontro 
cointddont with tho axis of rotation, this 
cotKlition will not bo fulfilled Thus in Fig. 1 4 
the ])orti()n of tho aiH^rburea used is mostly 
to one side of tho axis in {a) and to tho other 
Bi<lo in (6), Tho orrora which may arise from 
such an arrangement, on account of im]>orfo<^t 
focussing or Hi>heri<'.al aberration, are <lis(nxssod 
in another article.^ The x)riRm must be 
inovwl towards its base so that it employs 
tho apertun^s centrally, as in Fig, 14- (o). 
To maUo this adjustment, examine tho exit 
pufiil of the hdescopo with a magnifier. Olio 
illuminated aperture of the prism will bo 
S(‘(‘n witJiin the eircmlar nporturo of the 
t<di‘H(*o])(\ M(>v(^ tho ]>riHin until itw illumin- 
at(‘d fac<^ npiM^ars symmetiioal with respect 
to the hd('«e<ipe lens, taking eaR*t to keep tho 
l)iHtn‘tor of th(^ refracting angle above tho 
axis of rotat ion. Wlum this is done tho priflin 
apcrtyiiH' will Ix' syniiiuitrical with respect 
het-h to the kdcHcof)e and collimator axes 
in l)oth poHit ions, Fig, Kl(o) Nec<Iless 

to Hay, tli(" pamlledisnri of the refracting edgo 
U> the axis of rotation Rhould be checked 
aft^T the prism is tn its final iKwition. 

(ii.) AdjuMmrnt oj the. light . — The Houroo 
of liglit. hoM to 1x1 adjust/cd so that tho api'rture 
of the collimator is evenly fille<l with light. 
With l)roa<l nouroos stich aH flames it is sotno- 
tiincB good (*nough sirtiply to place them at a 
little (liHtanee from the slit. With viunium 
tulx'H or otlu'r small «oum*H it is <‘HH<intial 
* ** Oonlomotry/' § (!)• 


to form, an imago of the source on the slit« 
The source should he ;i3lac©d at some distance 
from the slit and adjusted until the rectangular 



patch of light, whicliwill bo seen falling on tho 
collimator Iciih, is at tho centre of tho latter. 
A lens is then inteiposod and adjusted until 
an imago of tho source is formed on the slit. 
Tho aperture and focal length of tho lens should 
bo such that tho cone of rays which it oon- 
centratoH on tho slit just tills the Ions of the 
collimator. If a wider cono is supplied somo 
of the light is scattered from the sides of 
tho collimator tube and may ultimately n^aoh 
tho field of view, adding to tiro stray light 
which is always to bo found fchorc\ 

(iii.) flhiininaiirm oj ike (^ros&^inea, — It is 
noeessary in order to make comfortable and 
accurate settings that tho cross-lines should 
Im edeariy stn^n. Turthcr, it is nocoesary, 
particularly towards tho blue end of the 
spectrum, to illuminate thorn with light of 
tho same wavo-length as the spootrum line 
on which moaBuremonts arc being made. If 
tluH is not (lone very serious troubles arise, 
due to ohromatic parallax, which make accurate 
settingH an im possihility. Tho peculiarities of 
chroinaifie parallax, whicdi arises from tho 
obromatio abenation of the eye and tho 
restriettxl Bizo of the exit pupil of the telescope, 
are oxp)lainod in another article.® 

Thert^ aro several methods of eliminating 
cdironuitFic. parallax,® bxit the most oonvemont 
for refra(it.o!n<^t.ric. work, and in faett for any 

* “Eye, Tho” K27). 

» Guild, Pm, Pht/9, to., 1017, xxlx. 311. 
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spectroscopic work except when there are 
nuinbers of lines closely packed together, is 
to use a wide sUt, say 1 to 2 mm., with a fibre, 
similar to those used for the cross-lines, 
stretched along its centre. Each spectrum 
line then gives rise to a band of light with 
a black line down the middle. The band 
serves as a background for the cross-lines, and 
settings are made on the central line. Suit- 
able fibres of quartz or glass can be mounted 
on large washers, together with a horizontal 
pair to mark the centre of the slit, and pro- 
tected with microscope cover glasses. These 
can then be afl&xed in front of any spectro- 
scope slit with wax. It will bo found useful 
to prepare a number of such fibres of varying 
thickness, say from 6 to 10 thousandths of a 
millimetre, and employ that which gives the 
greatest comfort under the circumstances 
of the observation. The collitnation has 
of course to be adjusted with the fibre in 
position. 

This arrangement has several advantages 
in addition to the elimination of chromatic 
parallax. Every worker with a spectroscope 
has realised the difficulties of setting cross- 
wires accurately on a fine spectrum line. 
Even when the general field illumination is 
satisfactory and the cross-lines are distinctly 
visible there is an annoying uncertainty as 
to the exact point of superposition. Diffrac- 
tion effects make themselves evident in a 
wavering and loss of definition at the point 
of intersection, which is very trying. With 
the arrangement described there are no such 
eflPects at the moment of contact. Every- 
thing appears as distinct and clear as if it 
were a diagram drawn on paper. Secondly, 
the tiresome fluctuations of accommodation, 
to which the eye is subject when using faintly 
illuminated cross-lines, are practically absent. 
Thirdly, the full brightness of the line is 
utilised. With a fine spectrum line the field 
illumination has to be low enough to give a 
satisfactory contrast. With faint linos this 
involves working at illuminations for which 
the acuity of vision is not great. With the 
wide slit method the full brightness of the line 
is utilised as background for the cross-linos, 
so that the maximum use is made of the 
available light, 

The method can bo used with advantage 
for all cases in which there are not several 
linos packed close together. With sodium 
light, for instance, the slit images for and 
Da are superposed, but the central lino of 
each is quite clearly defined. It is only when 
the bands of several close lines overlap that 
tho individual images of the fibre become 
difficult to see. 

(iv.) Eliminalion oj FlcaU Errors . — When 
determining tho scale reading by means of 
the micrometer microscopes, settings should 


be made on several consecutive rulings. This 
tends to reduce errors duo to local irrogularith's. 
To eliminate progressive errors of ruling it is 
necessary to repeat tho whole doterminntion, 
say half-a-dozen times, with tho scale shifted 
through about CO® in relation to tho micro- 
scopes each time. 

(v.) Careful Manipnlation . — ^Tn genenil the 
greatest care in handling the instniment 
in tho course of a series of observationH is 
essential. No spectrometer will give (m msisttuit 
readings if subjected to strains and ilexiires. 
In particular the rotation of the teIoHeo])o 
from one position to another must be made 
slowly and with the careful avoi<lan(‘.e of 
sudden accelerations; and the niaiiiiiulation 
of the micrometer eyox)ioce must be j>orf<)nm*d 
without any tendency to push or pull the (y<‘- 
pieco in the direction of metisurcment. 

§(10) OntTroAL An(ilk Mkthod. — The 
essential condition for this merthod is that a 
converging beam of light should fall tangen- 
tially on one face of tho prism, Euj. 15. Tho 



rays are refracted into tho prism a*ul fall 
obliquely on tho second fa(^e, trt which they 
are refracted into the air and may Iw' rt*(:tMV<*d 
by a tclo8(5opo suihvbly placcnl.' It is 
that all rays whicdi have the same angle of 
inoidonco will bo deviatcHl tMiunlly by the 
prism and will combine in the focal plane of 
tho tolcBcopo to form a line lin<^ parallel to 
tho refracting edg<^ of tho prism. Actually 
tho line will be slightly (mrv('(l (as in the- t*awe 
of tho image of a slit) on account of tho fu<'t 
that tho deviation for rays which are imdincMl 
to tho principal plane of the fmism is great <‘r 
than for rays in the prin<*ipal plane. In 
practice, if tho adjtistrnentB of the prism hiiv(' 
boon properly earned out, W(‘ are only eon- 
oomod with rays in tho principal plane. ' 

Wo have, then, a lino line in field of 
tho tole8co])o oon*e.st)onding to (*uch angle 
of incidence present in the converging heatn, 
Tho resulting efFc(^t will he a hand «>f Hgltt. 
It is evident that the irnddciu'c^ angles is sharply 
delimited at 00^ when the mys an* just grac- 
ing. There are therefore no rays for whic’h 
tho angle of refraction is grt*at(T than for 
those at grazing incidence, and the band <»f 
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light in the telescope must terminate abruj)tly 
at the h'no corresponding to these rays. Thus 
the band will have a sharp edge ; and if the 
cross-lines are set on this edge the inclination 
of the telescope axis to the normal of the 
face F 2 will be the angle of emergence, e, 
in the formulae which were developed in § (2) 
for the case of grazing incidence. 

To make a determination by this method, 
the prism is mounted on the spectrometer 
table and levelled as described in the preceding 
paragraph. The source S is })lacod in line 
with one of the faces, Fig* 16 («), and a lens L 
inserted to produce a converging beam. The 
distances of S and L should be such that an 
imago of S is formed about an inch or so 
beyond the prism. 

The telescope is nutated until the critical 
edge is on the cross-linos and a series of settings 
made. As in the case of minimum deviation, 
it is preferable to make these settings with 
the micromotor eyepiece, leaving the telescope 
clamped in one position throughout. 

Having dotortnined the reading for the 
critical edge in the {)OHitiou sln^wn, the source 
and lens are 8hift(Kl to S' and U so as to 
bring the illumination from the other 8i<lo 
of the prism. The tcdescope has then to bo 
moved to the dotted })osition and the settings 
repeated. If <t> is the angle between the two 
positions of the tolosoope, and e is the angle of 
emorgonoo (th(» sign of c being given in 
aooo^ance with the oouvontion adopted in 
§ (2)), 

It has to be noted that the angle of emer- 
gence in the first position corresponds to a 
refracting angle A, while in the scKJond position 
the refracting angle is ft. If these differ the 
angles of emergoneo are not equal in the two 
oases. However, if they do not difT(‘r greatly, 
the value of e, given i>y will 

oorroHpotid to the mean of tlie angles A and 
B. Oloarly, if th(^ nu^aHuromonts are made 
with the light im'idt^nt on each (►! the faces 
in turn, giving fhreo lUMirly (‘qual values, 
<//, </>", 0 '", f<>r the rotation of the telescope, 
W(^ <^an put V. J 1(0' \ 0 ^.H 0"')/;j f- Otr - IHtr^ ; 
an<l th(^ valiKi of e so obtained will correspond 
to a prism angle of exa(‘t4y 60'" (nssnming no 
j)yramidal error). 

Th(^ order of magnitmle of 0 is about 60”, 
more or less. This m<‘t ho<l, then^foro, involves 
ih(^ tneasunmient r)f a fairly Iarg<^ angl<^. An 
alternative arrangement, wliich only involves 
nww4»uring a small angle* is shown in Fig 
16 (/>). It nxiuires the use of tlio additional 
telescope on a H(q»arate stand, to which 
n^ferenex^ has alrea<ly Iwen mad<^(§(H), p. 765). 
Th(‘ light is incidout along the two fa(U‘H which 
contain the refracting angle. Tint telescope 
T\ is rotat(ul so as to roooivo one of the 

VOL. IV 


emergent beams. The auxiliary telescope Tg 
is placed so as to receive the other. The 
method of maldng the measurement is as 



follows : The critical edge in the field of the 
fixed telescope Ta is brought on the cross-lines 
by moans of the tangent screw which rotates 
the tabl(^ ; then the telescope T^ (or its 
micromotor eyepiece) is adjusted so that its 
cross-linos are sot on the other critical edge. 
lioth settings should bo repeated several 
times, the toleseope reading being noted each 
time. If 5 is the angle between the axes of 
the two telosoopos when they are both oorreotly 
sot on the respective criticsal edges, 2e = 5 - (9. 
If the process is repeated with each angle of 
the prism in turn, giving three nearly equal 
values, 5',a^ o'", then 2e^{d'+ 5"+ 5"')/3 -60”, 
whore e is the angle of omergonoe corresponding 
to a prism angle of 60”. 

To measure 5 wo illuminate the cross-linos 
of Tg and treat it as a collimator with respect 
to Tj, which should bo rotated until the 
two sets of cross-lines coincide. The angle 
through which it has to be moved is the angle a. 

In order that all the observations may bo 
made without removing the prism from the 
table, it is (umvonient to arrange the height 
of th(» latter (or of th<^ teles<v)pes, if this is more 
convenient) so that the lower half of the 
telescope objectives are utilised for the critical 
angle measiirements, while the upper half are 
above tlie level of the prism top and are avail- 
able for the collinear mQasurernonts. 

As regards the latter there are one or two 
pret^autions to bo observed, Tn the first place, 
it is not saiisfacitory to attem])t to set the 
two cross-lines in exact («)inciclen(?o. Such a 
sotting is very insensitive. 'Phe telescope 
axes should be very slightly out of line in 
the vertical direction, so that one cross is a 
little above or Ixdow the other. Then when 
the axes arc in lino horiz(mtally the two sets 

3 n 
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of mres form, a small symmetrical rhomboid, angled prisms should bo capable of rotation. 
If a suitable vertical displacement is chosen, as this facilitates adjustment, 
this rhomboidal setting can be made with The illuminator is so i)lacod in relation to 
great precision. In repeating the dctermina- the spectrometer that the prism under t<*Ht 
tions ab initio, the cross-lines, which in the first occupies the position which is shown clotted 
case were lower, should be the higher next in thefiguro.^ Tho Ions L should have a power 
time, and so on. In this way any error due of about 10 dioptom, and tho distances of J) 
to want of exact parallelism of the two sets from it should bo such that images of I) are 
of wires is eliminated, and a true setting formed at D' and D'"', about two inches beyond 
corresponding to exact oomoidence of the axes the apex of tho prism. When tho illuniinat(»r 
is secured. has been placed approximately in thc^ correct 

As in tho case of the minimum deviation position, a slight rotation of tho right-angled 
method, the final accuracy of the prisms will .usually bo sufficient 

result depends on the care with Id to give satisfac'-tory bands with 

sharply dofinod edges. 

If tho source is rich in light of 
other wavo-longths than that for 
which tho moasuromont is being 
made, stray light of those wave- 
lengths almost always appears in 
the field, and may give rise to 
U chromatic parallax troubles. To 

overoomo this difficulty filters must 
factory the method is easy and bo used in front of J) to cut out 

accurate; but if they are or reduce tho objoctionablo 

otherwise, as may very rays, 

easily he the case, or if determining 5, tho 

they req[uire readjustment Bm' suitable illumination of tho 

in the course of a deter- cross-linos of niay pro- 

noination, the greatest \^\ // sent some diflioulty. It 

trouble may be encoun- \\^ // is evident that when tho 

tered. It is undesirable, \\ // tolosoopos arc sharply 

for instance, to have to \\ / / focussed on tho critical 

shift the source so as to illuminate \\ // edge of tho refracted lioams they 

first one face of the prism and then W // arc collimated for tho wave-length 

the other. Two sources must be \\ !*/ of the light employed. In tho 

set up to begin with ; or, what is presence of tho UKxial amounts of 

better still, an arrangement should 0 chromatic alMTrtition, th<\v will 

be adopted by which one source not bo in corrtHd focus for other 

may be employed to illuminate \ wave-lengths. If th<^ n^fraettni 

both faces simultaneously. \ light is in tho y<‘llo'w or grtM'ii 

A convenient and easily con- / \ part of the 8p(^otruiu it will 

structed illuminator for this pur- fu \ , generally bo tpiite HatiHfu<*tnrv 
pose is shown in plan in Fijf. 17. ' put a table lamp behind theVyo- 

D is a hole of about 3 mm. dia- Fia. 17. piece of Ta with, posnihly, tlm 

meter a little outside the foous of interposition of a colour liiuT to 

a condensing lens L. The source, if it approximate tho colour to that for whi<di 
has appreciable width, is placed behind D, the telosoopos are focusHcd. If, h(>wever, 
or an image of it is formed at D by tho refracted light is not near tlu^ michllo 
another lens, as if D were the slit of a of tho spectrum it is not ustially |M)HHil)le 
spectroscope. The light leaves the lens L in to get sharp enougli hums witli colour filters, 
a slightly converging beam. It then meets and it is nooossary to (‘Uiploy light of the 
a 60“ prism, which should be of clear colourless wave-length for which the in<i<‘x d(dernjinati<»n 
glass polished on all three sides, hut which is being made. An arrangenu'nt wdiich i)n>v(»8 
need not otherwise be of good quality. This convenient, except with faint, lines, is to 
sphtS the beam, by internal reflection, into mount a small mirror close up to tlu' cyephu^e 
two beams which emerge in the directions of T 2 and adjust it ho that it flon<lH tho rcfractc<l 
shown. These beams, when they have light which omorgcH from the <w<u)i('Co back 
separated to an extent of 15 cm. or so, meet into it to illuminate the crosH-lines. Thin 
a pair of right-angled prisms so placed as to adjustment ban to be made with some ni<'ety, 
make them reconvetge at an angle of G0“. 

The various parts can be mounted permanentlv , ^ ParticularH of this mofhod iiro jrlvcn in a pape^r 
on a singlo stand. The supports of the right- pj'. 


which the manipulation is per- 
formed, and on the arrangement of 
the apparatus so that the processes 
involved in the actual measure- 
ments are rendered as few and as 
simple as possible. In the critical - 
angle method the success or failui*e 
largely depends on the illumination 
arrangements. If these are satis- 
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so it is expedient to mount the mirror on the 
end of a lever, pivoted on a suitable stand. 
It can then bo swung out of position, v^hon 
it is desired to look into the eyepiece of 
Ta, and swung back to position for the 
collinear measurement, without upsetting 
its adjustment. In this way the difficulty 
of securing light of the same wave-length 
for all the nioasuremcats involved can be 
overcome. 

Special Case o/ /x= — From cc^uation (4), 

§(2), if /i2ss:l*5j2S the emergent angle is 
-30% and the two critical 
rays arc collinoar, provided ^ Gg 

exactly. Thus for ^ 

indices near this value 8 is 
very small, and can bo 
measured on the mioroinctor 
oyepiooe without rotation of 
the toloHcopo at all. For 
such indices we thus have a useful 
chock on the accuracy of more goncral 
methods; since wo eliniinato com- 
pletely the axis of the instrument and 
any undotocted peouUaritios it may 
l^oasoss. 

It is this feature of the method 
which invests it with iinportauco in 
prooiso rofractomotry. It is n<it in 
itself quite so Ciwy to perform as the 
minimum deviation method, and is 
not suitable at all except for bright 
spectrum lines ; but the faot that it 
oun bo made to involve only very 
small rotations of the telescope or, 
in a particjular ease, no rotation at 
all, makes it highly ttseful as a ohoek 
to bo used in conjunction with other 
methods which depend for their 
accuracy on the accurate measure- 
ment of comparatively largo rota- 
tions. 

It is desirable thon^fiiro tu iuvesti- 
gatv(^ the errors to which tlio rc’<«iilts c 
jiiiiy be liable on a(^(!(>imt of Uio 


glass Gi are placed so as to illuminate the 
face of the prism, and a second source Sg 
and ground glass Grg are placed where they 
will dluminate the plate A. The observing 
telescope is placed at T and focussed sharply 
on the edge E of tho prism. If is turned on 
and Sa is ofi, the field will bo bright on one 
aide of E and dark on the other ; while if Sg 
is on and Si is off, tho bright and dark sides 
are reversed If, then, tho cross-lines are set 
on the edge when first one side and then the 
other is bright, the difference in the micrometer 
readings will he twice the 
error duo to irradiation. 

' When such measurements 

Gi aro made it is found that the 

^ Si error amounts to about 40 
soo<3nds divided by the 
magnification of tho tele- 
scope. Thus for a telescope 
of power 20 tho error is only about 
1", Further, tliis is found to he 
independent of the brightness over 
a very wide range, and also of the 
colour*. Thus one may find very pre- 
cisely the corroction to bo applied 
to critical angle readings on account 
of irradiation. It will bo clear, of 
course, that this corroction includes 
any other “personal e(iuation” error 
which may influence tho setting in 
addition to irradiation. 

There is ono particular in which 
the conditions in tho actual oritioal 
EsL angle sotting differ from those in 
tho arrangement just doscrihed. It 
is evident that in the latter case 
tho iritonsity is uniform right up to 
- the (xlgo, and that a sudden dis- 
continuity occurs there. In the 
case of tlio critical edge there is no 
actual diHcontinuity. Tho intensity 
falls off more and more rapidly as 
the oriticfxl angle is approached, and 
^ • is acfcxmlly zero at that point. The 


unHymmotri<«il nature of the fl(»ttiiig. Fio, 
I’h<u*<^ are two i)oiniH wliieh require 
atUuitioii. lu ihci first phuto, eu accouTit 
of the phtmoiiK'inm of imuliation, tho bright 
area will (uic-roucih on the dark Jiroa and 
the edge will bo displneod on this account. 
Tlie iniignit.udo of tliirt error ean oasily 
bn (Ictormincd c^xpc^rinion tally. An tho 
olworvcr should always dotonninc it for 
hiimolf with tho ttdoBoopo bo use<l for tho 
mniiHuromont, a method of doing so may ho 
doscrilxod. 

A prism P, Fiif, IB, is placed at tho focus 
of a lorig focus toloBCopo objectivo L with 
ono of it,H faecfl approximately at 45® to tho 
axis. A glass plain A is phuxuia little behind 
the prisni, also innliuod at 45“ to tho axis. 
A Hottrno of light Sj anrl a shoot of ground 


18. intensity curve can bo calculated 
from Fresnel’s equations for refrac- 
tion and rollection, correction being made 
for tho fact that the rays in tho refracted 
beam are coniprossod more and mere closely 
as tho oritioal atiglci is n])pr()ached. These 
curves have boon calculated by Kruoss,^ and 
in Fiff. 10, tho intousity curve for a band 1® 
wide is for and /x=:l'G5. What 
will the eye adopt as tho “ edge ” of such a 
band? Thoro is roaHoii for believing that 
the edge ” will be that i)art at wliich the 
intensity is dinihiishing most rapidly. While 
it is not evident from ID, on account of 
tho scale on which it is drawn, tho elope 
of tho iiit<uwity curve ineronscs continuously 

^ Hugo Kruoss, Zeit J, Imik, xxxix., March 1019, 
p. 73, 



772 


SPECTROSCOPES AKD BEFRACTOMETERS 


up to the critical angle, and is therefore 
at this point. Therefore, if the 
above supposition 
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is correct, the same 
setting should be 
made as if the 
brightness 'were 
uniform up to the 
edge and suddenly 
dropped to zero. 

That this some- 
what unexpected 
result is correct to 
a high order of 
accuracy has been 
demonstrated ex- 
perimentally.^ Con- 
sequently the criti- 
cal angle setting 
only requires the 
easily determined 
correction, men- 
tioned above, for 
irradiation and 
personal equation. 
The results of the 
method may there- 
fore he employed 
■with confidence 
for comparison 
■with those obtained 


by the minimum deviation method. 


III. Rbfeaotomitibs 


§ (11). — The methods which have been 
described in some detail in the preceding para- 
graphs are those suitable for the most precise 
absolute determinations. They involve a con- 
siderable amount of time to carry out com- 
pletely , and also require carefully worked prisms 
of fairly large dimensions. They are even more 
troublesome when applied to the case of liquids ; 
as the liquid has to be contained in a hollow 
prism, built up of accurately plane parallel 
pieces of glass, which has frequently to be 
taken to pieces for thorough cleaning. 

There is a large amount of refractometry, 
which has to b© done in connection with various 
industries, for which the very highest accuracy 
is not demanded, and for which the time and 
trouble involved in such determinations would 
be unjustifiably expensive. For such purposes 
a number of instruments have been devised, 
most of which are largely empirical in their 
< results, hut which are very rapid in use, and 
. require a minimum of material and labour 
' for the preparation of the necessary specimens. 

§ (12) Asnfi’s AuTOooLLmATiois’ Spectro- 
scope. — ^This instrument employs a modifica- 
tion of tho minimum deviation method in which 


^ Guild and Dale, Trans. Soc., 1020, 

xxU. 13. 


the telescope also serves as oollimator. In tho 
upper half of the focal piano of tho eyepiece 
is a sht. The light enters by a hole in the 
side of tho tube and is reflected through the 
sht by a small 45® prism. In tho lower half 
of the fi-old is a sharp pointer. Tho prism 
employed for the tost is cut with an angle of 
30°. The prism table is rotated until the 
light refracted at tho first face of tho prism 
meets the second face normally, and is 
returned along its path to form an image of 
tho slit in the focal plane of tho telescope. 
When this imago coincides with tho pointer, 
the normality of tho beam to the second face 
of the prism is exact. 

The angle of refraction is then equal to tho 
angle of tho prism. Tho angle of incidence, 
i, is found by rotating tlio toloscopo until it is 
normal to tho first face of the prism, and the 
refractive index is obtained from tho formula 

_sin i 
'‘“sin'C- 

The method is not very convenient for 
accurate do'torminations of tho refractive 
index, since the value of 0 must bo deter- 
mined ; but it gives quite accurate values for 
the dispoi-sion. It has the advantage for 
commercial work of requiring only half aa 
much glass as a 60® prism, but has tho dis- 
advantage over some of tho ompiiioal rofracto- 
moters, described later, of requiring two first- 
class surfaces instead of only one. 

§ (13) PcTLFRioii Refractometbr.*— T his 
employs the WoUaston method discussetl tlioo- 
retioaily in §§ (2) to (5). Tho main feature of tho 
instrument is a block, A, 20, with one 
polished face horizontal and another vertic^al. 
The substance whose index it is dosirocl to deter- 
mine is placed in contact witli tho horizontal 
surface and a convergent beam of mono- 
chromatic liglit, L, is directed along tho inter- 
face. In 20 (a) the arrangoniorit otnpUiyed 
for liquids is illustratod. A circular glass 
tube, 0, is cemented to tho block with a cHuiunit 
or wax which is not soluble in tlio licpiid 
to be examined, some of which is pouivd 
into the coll thus formed. A portion of tlio 
incident light is refracted frtini li<{uicl 
into the block, ultimately cnu'irging from 
the vertical face into the air, and is received 
by a telescope. As in tho case of the critical 
angle method for dotennining the index of 
the prism itself, a ban<l of light is producicd 
in the field of view which has a sharp c'dgc 
corresponding to tho dircettion of emergence 
of a ray incident at grazing incidenc^e on the 
first face. Tho angle of emergence, c, which 
this ray makes with tho nonnal to tlio vortical 
face of tho block is dotorniinod. In order 
to set the telescope normal to the face of the 

® C. Pulfrich, ZeUi. IrntrumenUrik., 1888, viii. 47 ; 
and 1895, xv. 389. 
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block it is provided with an antocollimating 
device, consisting of a small 45® prism fixed 
behind a portion of the cross-lines. This 
prism can l?o illuminated by a lamp placed 
to the side of the instrument. When the 
telescope is approximately normal to the face 
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of the block a rofloctod imago of the illumin- 
ated face of the little prism is soon at the side 
of the field o])posite tt) the prism itself. It is 
orosBod by images of the parts of the cross-linos 
■which are in front of the prism. When the 
actual cross-linos are brought iiito coincidence 
with those images the axis of the telescope is 
normal to the face of the block. 

To avoid having to place the head in incon- 
venient positions, the telescope is constructed 
as in Fi{f. 20 (c), with a light-anglcd prism 
behind the objoet glass, so that the main 
body of the telescope is always horizontal. 

The circle is usually divided so as to read 
to minutes by tmuins of a vernier. It is 
provided with a radius arm and miorometer 
tang(‘nt sen^w by nutans of which it may be 
movt'd t.lirough a range of 5® or (I", for which 
readings can Ix^ taken on th<^ drum of the 
tang<*nt wtow to ()• I minute. Thus the 
atUuial valu(‘H of c esan be d(*t(^rmin(^d to about 
1 minute, whi(‘h, from the curv(>s of Fig. 4, 
corresponds roughly to I unit in the fourth 
d(«umnl pla(^e, wlien'ua tlu^ diflfenmees of 
readings within tht» rangcH of th(^ tangemt 
screw may bo accurate to Od minute, corre- 
sponding to about 1 unit in the fifth place. 
The quantities usually wanted in pra<*,tic<^ 
arc the rt^fractive index for some wave-length 
near the brightest part of the fq)ectrum and 
the diHT[)ersion, f,fi, tlje difienmetm in refractive 
index for a scries of lines s7)rcad throughotit 
the spectrum. The lim^s almost universally 
UH(‘d are I>, F, and (^^ the first, third, and 
fourth being obtained from the vacuum tube 


spectrum of hydrogen, and the second being 
the woU-known sodium lino. The procedure 
usually followed is to bring the tangent screw 
to the beginning of its range, and rotate the 
toloscopo so as to bring whichever of those 
linos corresponds to tlio smallest value of e, 
usually 0, to the middle of the field. The 
circle is then clamped to the radius arm and 
the settings on the various bands made by 
moans of the tangent screw. By noting the 
circle reading which corresponds to some 
reading on the tangent screw, and correcting 
for tlio reading which corros})onds to the 
normal (c — 0), the values of e for the various 
lines will be obtained correct to 1 minute, but 
mutually consistent to a much higlu^r degree. 

For determining the indices of solids, the 
arrangement of Fig, 20 (b) is employed. The 
specimen requires to have two polished faces, 
one of them two to three cm. long and accur- 
ately fiat. The other, whi(‘.h should bo approxi- 
mately at right angles to the first, need only 
bo a few millimetms dcx\p, and its quality is 
immaterial provided it intcrsoc‘ts the first 
surface in a clean shaiq) edge witliout trace of 
bevel. 

In order to obtain optical contact, so that 
ixrfraction from the specimen to the block 
may ocemr, it is necessary to interpose a film 
of liquid of higher refractive index than the 
specimen. If the film is parall6I-sided — which 
can always be seourtHl by examining tlio 
intorftironco bands at the interface — the 
})rc^Honoo of the film doc^ not afTc^ct the ultimate 
direction of the rays, whufii is the same as if 
tho Hpocimen were in optical contact with the 
bloc.k. 

For this rofractometcr, in whudi tho angle of 
th(^ block A is 1)0°, equation (6), § (2), becomes 

e. 

Fop convenicrtK^o in computation the instiu- 
monts aix^ usually supplied with tables giving 
the indices corretqKmding to values of c, 
inc^reasing by intc^rvals of 10 minutes, for each 
of the lin(>H (\ I), F, and G^ Tho values for 
intt^niKHliate angk's are obtained by x^^o- 
porti< >nat.(!i into rjiolation. 

XTnfortainaicly such tables as issued are 
rarefiy siilficicmtly ac<mrate for any but tho 
roughest Ax>proximatifm. Tho actual angle 
of tho bloctk usually departs appreciably from 
1)0° ; and the values ad<q)ted for the indices 
of tli<^ bkx^k an^ those d(4.(Tmincd for a speci- 
men of the melting used for a number of 
bloc.ks, and may dilTer considerably from those 
actually possessed by any one of them. 

1’he angle should always be measured, and 
the trm^ indic(»s of l.lu^ block deduced from 
car(‘ful (k^erminations with a substance whose 
in<ii(*('H havt^ Ixuai det-entuned by an accurate 
absolute nu^thod ; or, if this is mit available, 
with a Kiiecimeu of quartz, for which tho 
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values are reasonably well established. Hav- 
ing obtained this information a new set of 
tables can be computed ; but it is much 
simpler to employ the erroneous tables and 
apply corrections. 

For instance, suppose the angle of the prism is 
90° - where 5^ is a small quantity. 

de 

where fZ^ is the value given by the tables. The 
tabulated value, has to be diminished to give 
the true value if the angle of the block is loss 
than 90°, and increased if the angle is greater 
than 90®. The oorrcction can ho calculated for a 
series of values of say 1-6, 1*56, 1-6, 1‘06, etc. 
It will not bo necessary to tabulate it for smaller 
intervals unless the error in angle is unusually 


then closed up into contact with surfaco 3, 
the liquid being squeezed out into a thin film, 
light from a suitable source is clirectocl to- 
wards the prism system by a mirror M, It 



A similar small correction can bo applied to the 
tables for errors in the assumed values of (ji^. This 
of course has to be done for each wave-length. Let /Zg 
bo the assumed value used in computing the tables, 
and /Ag the true value. Alsodet fiihe the value of 
the index under test as given by the tables, and 
the true value. 





This oonrootion can also bo tabulated for a series 
of values of fii for oaoh wave-length. If there is also 
an error in the angle of the block, the two corrections, 
being small, can be obtained separately as above and 
added to give a single correotion. 

The total correction for values of increasing 
by intervals of *01 can be got out in a comparatively 
sliort time. The oorreotioiis should bo computed 
to the sixth decimal place to prevent acoumulations 
of small errors mounting up to 1 in the fifth place.' 

§ (14) The ABBlh EBFUAOTOMErEE. — This 
instrument is of lower accuracy than the 
Pulfrich refractometer and gives results which 
are only reliable to a few units in the fourth 
decimal place. 

The essential parts of the instrument are 
shown diagrammatically in Fig, 21, the 
arrangement of parts being that followed in 
the instrument made by Bellingham and 
Stanley of London, which has various advan- 
tages over the Zeiss model. and Pg are two 
prisms of dense glass. Surfaces 1, 3, and 4 are 
polished ; surface 2 is matt. The prism Pj 
is hinged at H, so that it can bo swung away 
from. Pj and removed altogether if desired. 

In determiniag the index of a liquid, a drop 
of the latter is placed on surface 2, which is 


\ possibilities of the 

Bulfrich Refractometer and the limitations oJ 
(^stmu patterns of the inetTument, see Guild 
Profi. Phi/s, JSoc. XXX. part HI, p. 167. 


strikes the matt surface 2, and is scattered 
into the liquid film and the prism Pj. Sin<te 
no ray can enter Pg with a greater angle of 
refraction than that of the ray at grazing 
incidence, the emergent rays when (^ollockHl 
by a telescope will all cionvorgo to points on 
one side of a lino in the focal piano. I’lio field 
will therefore be divido<l into dark and light 
portions, the edge of tho bright portion 
corresponding to tho value of c for tho (irith^al 
rays, as in the similar oases previously dis- 
cussed. 

The rotation of the telescope is registered 
on a graduated arc wliich roads refractive 
index directly. In practice tho instnunont 
is used with white light. To compensate for 
the dispersion of tho system, and at tho sanio 
time get a rough measure of tho disj)orsi(>n 
of the substance under tost, tho ingonxoixs 
device is adopted of introdmdng a nwc^rHC 
dispersion by moans of tfWO diro(tt vision 
prisms. Those are mountod one above tho 
other in front of tho object glass of tlio kdo- 
scopo, and arc geared so that by turning a 
milled head they may bo rotated in opjwHit-o 
directions. They arc so oriented to start 
with that their pianos of disp<'r«ion are 7 )arall(d 
to^oach other and to tho principal plane of tho 
prism Pg, their dispersions being additive. If 
^is the angular dispersion of one of the prisms 
between tho C and F linos, the total di8|)erHion 
in this position is 2 L If now tho prisms nro 
rotated at equal rates in oi)poRite diroc^tdons, 
the resultant dispersion is still parallel to tho 
principal plane of Pg, but is diminished. For 
any orientation, from tho initial position 
the resultant dispersion is 2 ilr cos When <f> 
is 90° the dispersion due to the prisms is zero, 
and when <p oxoceds 90® it ehangos sign, and 
inoToases to 2 ^ in the reverse direction. 

In usipg the instrument the critical edge as 
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o fc>s(,pvo(l will probably bo sproa»<l out into 
li H siiectrum. The coinpoaisatmg prisms 

ur<.s 1*0110,1x3(1 until the colour disappears and 
H achromatised edge is obtained. The 

arc3 s(5t on this odgo ; tho reading 
^ gives the ind(3X for sodium 

light. orientation of the compensating 

priHm^ gives, by rofcrenco to a sot of tables 
with the instrunicnt,^. rough value 
of tha dispersion, from C to F, of the sub- 
Ht4UiGe> xmdor tost. 

* ^ ■'U.so the Abbd rofraotornotcr to determine 
t h€» inciicos of solids, tho prism P is romovod, 
iintl si>ocimen similar to that omployod 
with tlio Pulfrich rofractomotor xilaood against 
optical contact being obtained hy a 
lilin o£ lic^uid, as doseribed in connection with 
thi^ hut tor iiistnment. 

§(1^) ABUii’s CllYSTAL RErRACTOMErER.^ — 
This U’xs'trumont is designed for tho eonveniont 
oxiirui’na^tion of oryabalH in different orienta- 
tjinis. block is in this case lioinispliorical, 

/'Vf'/. and is fitted with a ciollbo contain 



hUtiids, The crystal apeciinon is iilocod on 
surface, immorsod in a liqxiid of higher 
rx’fractive index. Tho axis of rotation of 
t Ju* toloBooiKJ posses through tho (^oiitro of th<' 
h(*iuiHi>Hore, so that tho 07 )lic axin ia always 
norma* I to tho latter, The front surface of tho 
nhjtKit grlass is olose to the hoiniHphore and 
iwralle^l to it, iher(d)y neutralming the offoot 
i»f tho onrvaturo of l-lu^ block on the foc.tiB of 
t hi* ortiorgcmt Iwnm, Th(‘nt h (^vi<l(>utly no 
floviatioii of l.h(3 I><*aui on UMiviiig the block, so 
that wliou t.lw^ tdescopo is sot on tho critutal 
it. iiHmHun'H r, tlu' angUi of rifracUon of 
tilt* cr*if ical rny into tlu^ block. ^I’lie index 
t4 th(' H7)(*<‘irn(*n, /lij, 

‘j>()HHil)U^ to rotuto <iho luMnisplu're about 
fik \ crl ic**tl axis, t li(»r(‘by altering tlu^ orieiitalioii 
uf th<"t iiryHtal with rcK|K'('t t.o the dimition 
nf Mu*^ liglit. Tho illuminittion may either 

U* Krajiing in(kl<‘nr(>, ns in t-he 

l*iilfrit*li rr‘fracU)m(»ter, or tlm tnay Ih' 

inridont* from within t.he glass ns shown 
< lot Uh I nt 1/ In ilu^ bitter caH<^ tho critu'ul 
migo rl iv ah's tlm field into reg'ons of total and 
reflection, tbc' critical direction Iwing 
tiu* Hftttxc OH for grazing mcidcuco, I’lio 

• Ser* S. (’7Jipnkl, ZHitt. f, IntttrtinmlJfr.^ 1800, x. 
a»i<l I'N'tuwaer, /. 1804, 

H 7 - 


arrangomept is advantageous with spociniens 
whose odge'ia are irregular or not ai)proxiinately 
perpondbular to tho face in contact with the 
block of the instrument ; but the edge is not 
so sharq) nor tho contrast so good as with 
grazing incidonco. In order to pass readily 
from one method of illumination to tho otlior, 
tho source is mounted in lino with tho axis 
of rotation of tho teloscopo, tho light being 
rofloctecl in tho direction L or L' by a mirror 
mounted on an arm whicdi rotatos about the 
same axis. Thus, by swinging tho mirror, 
tho light can quickly bo adjusted for either 
tyi)o of illumination. 

§ (1C) Pub DirriNG Eefuactometee. — T his 
instrument is designed for the rofractomotry 
of liquids available in fairly large quantities. 
It is only suitable for use over a small rung© of 
index and is thwTforo mainly usc^d for special 
purposes, siujli as tho estimation of alcohol, 
winoB and beers, sea and mineral waters, oto. 
Tho princ^ipb" of flio apparatus will be clear 
from Fiij, 2.‘i, T is a cylinder of glass on which 
a ])lano surface indinwl at about iJO® to tho 
axis has boon grcjund and polished. Tho end 
of tho iuHtrumont is immerscKl in the liquid, 
whitsh is contained in a V(«'S8ol with a glass 
side so that light rofloob(^d 
from a dilfuKing rofioctor, /T 

E, may enter the vessel. 

Tho oritioal (xlge is viewed / y JS" 

in tho focal piano of tho // / 

oyopiooo, in which there is j 

also a scab divided to road j j 

rofraotivo indices dir(3otly. /// 

A is a (liroet vision i)riBm /// 
which oomp(3nsatos the J J 
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diR])erHi<in and cmaur(3S a sharp achromatic 
odgo, Iho instrtinxnit is usually supplied 
with Hovoral of (lilTor<mt glass to 

render it suitable for difTemit ranges. The 
most usual ntnge iHl%i2r) to 

TV'. EFFROT.SOKTKMrWIUTUnW AND hHF.S«nHE 

S (17). In tboi pr(M*(sHng paragraphs we 
have oont^(‘rnod oursedves with'tluMtu^thods of 
drttmniniiig r<^frft.ctiv<^ indic(»H aw aecmrately as 
HmU'r Iht vhruniMittnrm which premil 
fluriiif/ the (hlcmnmtion . Kor the results to 
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be of value it is necessary to state them in 
such a form that they can be compared with 
those made under other conditions. In the 
first place, the quantity measured by all the 
methods employed in practice is the relative 
index, i.e. the absolute index of the substance 
with respect to vacuum divided by the 
refractive index of air. If jix is the absolute 
index and (jl the observed index, = 
where n is the refractive index of the air 
during the observation. Both p. and n are 
affected by temperature, and % is also affected 
by pressure. An observed value of /a is 
therefore only correct for the particular 
temperature and pressure for which the 
determination was made. 

As regards the variation of >2, this may be 
taken as linear over the usual range of labora- 
tory teinperatures, so that 
where a is the temperature coefficient of abso- 
lute index, and is taken as positive when the 
index increases with temperature. 

The variation of n with temperature and 
pressure follows Gladstone and Bale’s law 
that n-1 is proportional to the density of 
the gas. Thus 

i\ P 273 

‘ « 7^'273+< 

=/s(l (l -2Y3) 

where l4-j8 is the refractive index of air at 
0® 0. and 760 mm. pressure, and 5 is the 
excess of pressure above 760 millimetres. 

Let be the observed relative index at C. 
and 760+5 mm. pressure, then 

+IJp+/J.p ^ (*•) 

This gives JL^ in terms of the observed relative 
index. Similarly, for observations at any 
other temperature and pressure, 

fk'=t4+,^p+p.^±-,^p^^. . (ii.) 

Subtracting (ii.) from (i.) and rearranging, wo 
get 

(iii) 

Equation (iii.) gives the relative index at any 
temperature and pressure in terms of tho 
relative index at the temperature and prcsstiro 
of the observation. It is evident that the 
temperature coefficient of the relative index is 
a 1213. 

These relationships enable us to express -a 
result either as absolute index at a standard 
temperature, or as relative index at a standard 
temperature and pressure. The most useful 


in ]^nu•ti('o i.s the latter, and, u hf*re jHisNildi*, 
rcHultH should !«• e,\pr<'MW‘d for n tenijM'ratnro 
of 17" C, and a prt'HHiirc of 7tM> mm. 

Tho values <tf fi <‘an ho obtained from 
rcwilts of Kayser uml Ktiiitre,* Seliei*!.^ and 
others. KayH<*r and Hnii)j:e's fonmda for 
air at 0 ' and mm. pressuie is 

whon^ \ is the \vnve*h“n^'th of tin* light. 
dry air 3vl(l slioiiltl la* added, This 
differene(^ is negligible for our present |iur|M»se, 
Tho following table gives tlu* imhees for <lrv 
air for various siw^etnim lines ; 


J)(*HiKnntli»n 
in Molar 

ApproKinmte 

I 

Mpeetruin. 

A. 

A 

AV, 


1$ 

UH70 M 

tKKr.MUl 

(5 

(l/KiO j 


1> 

mm M 

i 

K 

W7I) 


F 

4H(M) „ 


G 

4;ii(i .* 


ii 

:»)7o 



I From thew^ lignr<*s the Muimtion of (hn 
roflults to staminrd pressuii* ean ahutvs i*e 
performed; and, if a is knoMti, the rt*tbi(*tu«yi 
from one t,(‘m|M*rat«n^ to unnthrr. Th,« co. 
offkdent'H both of ula^dttfe and ndativii' iiul<*x 
arc given for n typieal series of itptieai gUssi's 
in llovestndtV "denuer For the 

ordinary flint glasses a varii's fairly regtdarlv 
with g, and the ^aluo for itn> of (jiis 

typo can 1 k' found HtjfJieiently aeenratf'ly for 
oorreetion |>urpnH4*M l>y inter|Hihiti<at, KoV the 
imw e.(>m]»lex jj:1hhs<% lio\M*vor, the d.ita are 
msuffiebmt for interpolation, e\eept f.ir 
whieh are vtuy near .me of the t> |m^ amt 

it may he neeessnry to detennim- In 
doing this it is Mafesl to iivnid att-^mpla to 
heat the prism. If is very dttheuM *„ obtain 
reliable results in this way. In roortt hdH.ni 
tories tln^re is Home room «»r ri*oma of whn It 
the bun pi’rat lire ean Ik- xarmi! oNrr a mime 
of at least II)' so that tiitweaiiemenf^ nni 
bo made, with the whole appatatu’. at a 
umfonn tomp(*ratiir*‘, over a .^uUn ient Mn«e to 
give the nee<‘HHary aeeuraiy in for eorm ting 
over a sinnller range. 


V. Spkoui, V’AUii;Tit;s or Srr.eTme-^eMri'K 


■ ^ of ajH'i'trf.met«’r iliM iisml 

m ^ (6) IS really in prim iple the .omple.t ami 
-"rhcHt form <»f «iHa'trof,rr.|K.. ebds.frtted tit 
schamoal detail m us to enable the meaifiiri*- 

lierL ter/i, tl. Urn , ivsiy, i\, 
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meats involved ia refractometry and gonio- 
mefcry to be made with the utmost accuracy. 
Except for these specific purposes, however, 
such an instrument would rarely ho used. 
It would liud no place, for instance, in the 
eq^uipmont of a modern spoctroscopio labora- 
tory, where the primary object of the work 
is the identiheatioa and accurate zncasuiement 
of wave-lengths. Such determinations are 
always made by intcri)olatioii between adjacent 
linos of known wave-length, and the spoctro- 
scopist is never ooncornod with any but quite 
small angular moasiirciucntH. This l)oing ao, 
the instrumental requirements are somowbat 
different. Kot only so, but the development 
of photographic methods has i)ractieally ousted 
the spoctro.*#cope as an instrument of spectro- 
scopic research. 

Thus the beautifully <leflignod instruinenta, 
with long trains of prisms intended to give 
very high resolving power, which were formerly 
features of apeotroHcopio laboratories, are now 
rarely if ever employed; they nro replaced 
by s])0(5trographs, which not only aro capable 
of greater accuracy, but have the in(^stilnablo 
advantage of giving porniancut records of the 
ol).sorvati()ns. The visinil apectroRcopo is only 
used for the identification of simple) known 
spectra, or for other work for whUdi groat 
accuracy is not required The special needs 
of the spectroscopic) laboratory are beyond the 
purview of this article, which deals primarily 
with the roquiremonts of the “applied” 
rather than the “pure’* physicist; but a 
certain amount of sjx^otroscopio eqtiipmonb, 
suitable for general work, is essential in an 
optical laboratory. 

S(19) Thm DruBOT Vision SPKOTROsdorK, — 
This instrument, which is fluitiiblo for the 03C- 
aminatioa of light sources to awc^ortaia the 
gencntl nature of their Ri) 0 ctra, ha« all it-s i)arts 
mounted in one straight tube, and is therefore 
easily directed to the light when simply hold 
tK) the (\y(<. Jt^ OHsential element is n com- 
pound prism, {Fitj. i2*l), whi<5h consists of a 
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prism of dermc fiirjt gliisH ccniiuiU'd with 
('auiida bnlHain Ix'twcon two prisiusof crown 
glasrt, 'Ibo refractive ind(*x of tlui demser 
gliiHH will b<\ about 15 per cent greater than 
that of the other, but ils clisi>cmion may bo 
twi(sc an great. (’onH(Mjut*nily, if tlK"* prisms 
Im eut to mieb angleHthat the total deviation 
for, say, the so<Inim light is rays at the 
blue eml of the Hj)eetrinn will be devinled 
towunU (be base of the* dense prism, and thoMi 
at the rtsl end will IsMlevialed in tlio o])poHilc 


direction, on account t)f the preponderating 
dispersion of the Hint glass. 

l?ho collimating and toleacopo lonsefl, Lj 
and ba, have usually a focal length of 2 to 3 
inches. In some instruments the slit, is 
fixed, and the positiona of lines in the spectrum 
are read on a scale in the focal plane of the 
eyepiece. This is only convenient for instru- 
ments of small disi)ersion. If the dispersion 
is largo the whole spectrum cannot bo seen 
in the field of view at once. In a convenient 
f4)rin of instrument made by Kilger the slit 
(;aa bo moved across the end of the tube by a 
tangent screw. Ey this means different paiiis 
of the spectrum can bo brought to the centre 
of the field of view, which is marked by a 
pointer. 

Larger and more ambitious typos of diroct- 
visiou spoctroscoj)o can bo obtained; but 
for anything ex<!e])t the roughest of purposes 
it ifl bettor to om])loy — 

§ (121)) Tub HmnfiB Constpant DjBvrAriON 
iSi'KOTitosoorK, — 'This is an. exceptionally con- 
venient instrument for general labovatoiy use. 
Ftff. 25 (a) is a diitgrainmatio plan. The colli- 
mator C and toleacopo T are pormanontly fixed 
at right angles to eacdi other. The i)rism F 
is clami)ed to a table which may be rotated 
through a small angle by moans of a tangent 
screw, The nut in which the tangent serow 
woz*ks is attached to the fixed part of the 
stand, and its' movement is registered by a 
drum 1) with spiral scalo, The special feature 
is the prism, which can bo regarded as built 
up of three piisms arranged as shewn in JFi(j, 
25 (b). If a ray of light is incident at such an 



niigh' on AB that- it Ih rofriicfod pairallol to 
it will 1)0 isirallid (o lOA afior iiiUmal 
ndleoibuz at tlu" hyp»»(t*nuHo face of 45“ 
prism It in thoroforo in<'i<l<uit on AI) 

with ttu angle of ixuddenee equal tt) tho angle 
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of refraction at AB, and so emergea from tho 
prism at an angle, e, which is equal to the angle 
of incidence i. Since DAB=90° and i=e, 
the incident and emergent rays are at right 
angles. But we may regard ACB and ADD 
as two halves of a C0° prism, so that a ray 
which travels parallel to BC and EA suffers 
minimum refraction.^ This applies to any 
ray which traverses the prism and emerges 
at 90° to its initial direction. Clearly the 
shorter the wave-length, and, consequently, 
the greater the refractive index of the prism, 
the greater the angle i will have to be in order 
that the refracted ray should be parallel to 
BO. Thus as the prism is rotated by tho 
tangent screw, thereby altering tho angle of 
incidence of the beam from the collimator, 
the spectrum will pass across the field of 
view, each wave-length being at minimum 
deviation, in the restricted sense indicated in 
the footnote, at the moment when it occupies 
the centre of the field. 


The advantages of this instrument over an 
ordinary 60° prism spectroscope are, firstly, 
that both telescope and collimator being fixed 
extreme rigidity and permanence of adjust- 
ment are obtained ; and, secondly, no readjust- 
ments of the prism are necessary in order to 
get minimum deviation for all measurements. 
The drum is graduated to read wave-lengths 
directly ; and all that is necessary is to adjust 
the cross-lines of the eyepiece occasionally so 
as to make the instrument road correctly for 
some known wave-length. 

§ (21) Monoohromatio Illumin-atoes. — ^It is 
frequently necessary to obtain monochromatic 
light, either from a source giving a continuous 
spectrum, or by isolating a particular line in 
a line spectrum. Any spectroscope can bo 
used for this. It is only necessary to replace 
the eyepiece by a second slit in the position 
normally occupied by the cross-lines. If tho 
collimator slit is illuminated by wlxito light, 
or light containing more than one spootrum 
line, the light which passes through the 
second slit can only contain the wave-length 
of that part of the spectrum which falls on 
it. Either the direct vision spectroscope 
described above, or the constant deviation 
spectroscope, make excellent monochromatic 
illuminators. The former is particularly suit- 
able for separating the green line of the 
mercury spectrum from the other lines. If 
the slit widths are chosen as wide as possible 
without including any of the nearest yellow 
line, the resulting illumination is very bright, 
and suitable for such purposes as polarimetry 


I The total deviation, which is duo not only t< 
refraction but to reflection at DC, is never a minimum 
is only the portion duo to refraction that has < 
mmimum value; hut under these conditions thi 
niagniflcation is unity, as in tho case of a 60“ prlsn 
at nummum deviation. It is only in this rostrictet 
sense that the term minimum deviation can bi 
employed in connection with this instrument 


whore an inbrnso liglit in F<»r usf't 

with white light greater (ItHfUTHion than that 
of tho direct - vinion instrument in rf*(|uir«H!, 
and tho constant - deviathm HpH’tnmrope* is 
bettor. Hilger inakt's a H]K*(*ial form of the 
instrument for ust^ as a in<uuK*hr(uimtic 
illuminator. The tokwMvpcH an* shortt^ n*it! 
of larger aperture, thus w*<’uring a grt'atrr 
amount of light, and both hHIh upon wyin- 
motrionlly. On account of tho fixed dim-tion 
of tho emergent beam, tbc! lIilgcT iiiHtrument 
is specially suitabh^ for purpowH in winch it 
may bo nocoswiry t.o vary the* wave-lc‘ngth 
during an experiment, 'rhe* iinpia 1 nn<‘o of 
being able to do this will neuliw{‘d in remliug 
tho article on IminerKion Itefmetonielry, 

There is one j)re(^autitui whiidi inunt 
home in mind in using inonts^lirtunatie 
illuminators for work, Kuoh ns i«dari«U‘try, 
in which eompleh^ exeluniim of other w^ave- 
longths is esstMiiinl. 1 'here is always a 
proportion of the light wliieh )mihs(*h thnaigh 
any spootroHeopic systean Hc’atliTi^d irreguliirly 
at tho surfaces of tlu* b'nw^K and prisins, and 
oven within the inatenul. 'Pit in is due tf* 
imporfeet polishing, minute air-bnltblt>H, and 
to any dust ])artieles that may bo pri‘S(*nt. 
Some of tho «eatien*ci light, which CMUttAins 
all wave-lengths present in the light from tho 
source, passes throtigh the slit in addition to 
tho rays which an* im»|K*rly fiK‘U.*»siKl then*. 
Thus, in separating the gnx'it Hno of rnenmry, 
if tho light from tlu^ tnonmdmmmtie illumitiator 
is examined by another spcH-tn»«et»jH* it will 
bo found to conhiin an uppreemhlr f|uiuitily 
of tho yellow and bltie radiatioiiH. For most 
purposes this is ininuiteriHl, hut for jwdarimH ry 
it is fatal, on aiuiount f»f tho mpitl variiitioti 
of optical rotations with wuvi* leugfli. It is 
necessary in this caw* to pnsH the light fr«»m 
tho fiist illuminator through a sceoiul, whirh 
rodiK^OB tho Hcattenxl nwduum t«Mi 
amount. ^ 

55?KCTROS( '< )I*Y. M( N 

§ (1) ApPAUATUS AKI> MKTIIttUN or OlIKttUVA- 
TION. — In the elnsHienl reHiuirtdif‘s of ttuuH«*ti 
and KirchofT, one of thi* chief fufirtionx of 
tho speetroseopo np|H‘aretl tf» lit* in its 
as a tool in (dienucnl analysis amt in tin* 
discovery of xu‘w ehmieids/ and inflect it 
may bo said that immy t*f the chmuit'sl 
olomentfl wouhl pndmbly !*ot haM* 111*011 
dotoehid or isolated without the help of thit 
spoctroscotw. In additi«*a to the wjs'etro 
scopic detection of I'leinents. by exuntination 
of tho radiations winch they etnit when in 
tho state of luminous gaH<*s, (he Hjsn troHf'Mja* 
has proved of signal w*rvice iii the identUK 
cation of eomjxuuids, partieubtrly in orgiutie 
chemistry, by ohH<*rvatio« nf thV raiUaiiorw 
which th<*y absorb, eithi*!* in a pure wUtii nr 



SPECTBOSCOPY, MODERN 


770 


whon dissolved in appropriate solvents. At 
tho present time, however, the main uses of 
the spectroscope are in its application to 
physical problems, in which it has proved one 
of tho most powerful methods of attack in 
many widely differing fields of investigation. 
In its simplest form tho spectroscope consists 
essentially of a slit on which the imago of a 
luminous source is projected, tho rays which 
traverse tho slit being made parallel by moans 
of a Ions, known as the collimating lens, and 
after passing through the dispersing system, 
consisting of ono or more prisms, being brought 
to a focus by moans of a telescope lone, tho 
spectrum being either observed visually with 
an oyepieco or recorded permanently on a 
photographic plate. Tliis simple system forms 
tho basis on wliich tho modem spootromoter has 
boon developed, and can be used in this form 
for preliminary visual observation and approxi- 
mate measurement of wave-lengths. In recent 
years, however, visual observations have been 
almost entirely superseded by photographic 
methods, for tho latter have numerous advan- 
tages both in regard to accuracy of moasuro- 
mont, tho range of wave-lengths which can 
bo rcc(irded, and owing to the fact that a 
considerable portion of tho spectrum can bo 
photogrfiphcd at tho same time on tho plate, 
thus obviating the instrumental displace- 
ments which are liable to occur when con- 
secutive moasuromonts are made. Rpootro- 
graplis wore formerly designed with trains of 
prisms of relatively small aperture and lenses 
of short focal length, but in recent years thoro 
has boon a tonclency towards single prism 
instruments of largo aperture, tho required 
dispersion being obtained by tlio use of lenses 
of groatt^r fi>cial length. Tn tho design of all 
forms of spectrograph, rigidity of all tho parts 
is an oHKontud feature, since exposures often 
exti'nding ov(^r many hours have to bo made, 
and any {lisplaecntumt of tho aj)paratus would 
giv(^ rise to wu’ious (UTors in measurement or 
loss of dofiiiii-ion. 111 <l(\signing a Hpectrogra|ih 
fora partii'ulnr purpo.se it is generally neecHsary 
to at some cs)mproiniH(^ Ix^tween dis- 

piu'sinn and liglit-gaUi<‘ring pow(‘r, t.lu' fornuT 
att-riluiie iM'ing (‘sstuiiial for the aeeuraie 
d(‘t<U’unuatioii of wave-ltmgths and the latter 
for n'eording faint. Hp<*etra which wouhl require 
imimK'tii'ably hmg expoHurc^s with an instru- 
ment t>f low light -giithering pow<T. For tlie 
aceurat(^ det(‘rmination of wavc'-lengths idtluT 
coneave gratings or plaru^ gratings numnted 
with hmses of long foeim are to lie prefernsl, 
tliough good results can be obtaimxl with 
prism instrumemtH of adeijuiiti' <U.HjK‘rsuui. 
For th<» photograpliy of faint speetra it is 
oft(‘n essential to usc‘ prisms of large aperture 
and lensi‘s (»f reliitividy short foi'al hmgth with 
a eonse(pient sm’riliei' of disp(‘rsiotu Ftir the 
visildi* itpis'trum and tlu' ultra violet Kp<‘et rum 


down to about 31)00 A. tho lenses and prisms 
are usually made of glass, but for the more 
refrangible rays down to 1800 A. both lenses 
and prisms are made of quartz, since glass is 
opaque to these radiations. In the latter case 
tho quartz prisms are made up of two halves of 
right- and left-handed quartz respectively, and 
tho collimating and camera lens are also made 
of right- and left-hand quartz in order to ob- 
viate tho doubling of the image which would 
otherwise occur. An instrument which is 
now widely used and whicdi has many advan- 
tages is known as tho littrow spectrograph. 
This mounting, in which tho principle of auto- 
cf)lUmation is used, is axiplicablc both to grat- 
ings and prisms and is essentially similar to 
tho Abbe spectrometer. In tho determination 
of wave-lengths a spectnim containing a 
sufiie-ient number of lines of known wave- 
lengths is phot()gT'ai)hed in juxtaposition to or 
superpoHod on tho s])eotrum to bo measured. 
The wave-lengths of tho unknown lines arc 
determined by measurement of their positions 
with resptx^t to tho standard lines and subse- 
quent reduction by appropriate formulae. In 
all accurate work tho utmost care must bo 
taken to ensure correct aupcr])osition of the 
spectra and to guard against instrumental 
disi^lacemcnt betw^een Bueocssivc exposures. A 
groat deal of attention has been paid to the 
photograi)hio plates used for spectroscopic 
j)ur|>osos, ’ and ‘ whereas ordinary plates are 
insensitive to wave-lengths greater than about 
fi(H)0 A. it is now possible to obtain plates 
which have boon bathed in appropriate dyes 
which render them sensitive as far as tho 
extreme visible rod, and by tho use of dioyanino 
bathed (1) plates it has recently boon found 
I)osHiblo to extend tho sensibility of tho photo- 
graphic plate to about 9(100 A. In the regions 
of shorter wave-length the ordinary plate is 
S(msitive to about 2000 A,, but beyond this 
limit its sensibility falls off rapidly owing to 
tho absorption of the more refrangible rays 
by the gelatine of the plate. Plates are now 
made on a coninu^reial scale in which tins 
dillicuH-y is overcome by following the special 
imq.hods of prei)aration cUmsed by Rchumann 
(2), in which the g<‘laliru^ is reduced to a mini- 
nnim, an<l s\ich plates have recently boon used 
K\iee(‘HHfiiIly by Millikan down to a wave- 
length of ;i()0 A, It should ho mentioned that 
a inunb(‘r of spt'cial methods, notably that of 
Ahmy (It), have been (hwiscxl for th(^ jnirpose 
of extending tlu' sensibility of i>boiogmpbic 
into the* infra-rcxl, but the teclmuiTic 
of tJu‘se nu^lhods is <‘xe<‘edingly dinicmlt and 
liibnriouH and tiu'y have not eonu^ into general 
usts In Hp(‘clrogruphK in wln<*li k^nses of 
single matm'ial (not acdn-omatic k‘nH(‘H) are 
used, it. is luxx^Hsary to inelim' tin* plate, so that 
the rays do not fall on t.h<^ plate at an angle 
perpentiieular to its Hurfa<‘<‘, and in such cases 
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it is essential that hacked plates should he 
used to eliminate the refitection from the back 
of the plate, though it is desirable to use 
backed plates in all cases ia ■which the most 
critical definition is req[iiired. For the photo- 
graphy of the ultra-violet regions below ISOO 
A. it is necessary to use specially designed 
spectrographs from which the air can he 
exhausted or -which are filled with pure 
helium, since air absorbs these radiations 
strongly. For the examination of the infra- 
red regions of the spectrum which are beyond 
the range of sensibility of photographic plates 
special spectrometers are used. In these 
instruments glass must bo eliminated and 
either gratings, or prisms of rock-salt orsylvin, 
are used. Lenses are usually replaced in 
these instruments by concave reflectors of 
metal, and a second slit is placed at the focus 
of the telescope reflector. Radiations which 
traverse this second slit are detected and their 
in-tensity ia measured by means of a thermo- 
pile or a bolometer which is fixed behind the 
slit. 

§ (2) CLASsmoArioiT oe SrEornA. — Lumin- 
ous spectra can he divided into two classes, 
namely continuous spectra, which result from 
the radiation of heated solids, and discontinu- 
ous spectra, which arc in general peculiar to 
luminous gases, though in some oases con- 
tinuous spectra can be observed from luminous 
gases, and solids may under certain conditions 
give rise to spectra which cannot be described 
as continuous. Discontinuous spectra may 
he subdivided into line and band spectra, 
the former consisting of lines distributed at 
intervals through the spectrum in a manner 
in which certain mathematical relations can 
freq[uently bo found, though the existence of 
such relations is not immediately apparent ; 
band spectra usually consist of complex 
groups of linos arranged in a manner in which 
some regularity is obvious, these groups 
repeating themselves at intervals in the 
spectrum. The regularities in these two 
classes of spectra are discussed in a later 
section. 

§ (3) The PBoniroTioisr or a Speotrxtm. 
(i. ) Marne Spectra . — One of the most striking 
phenomena in spectroscopy is to be found in 
the variation in the spectrum of an element 
under different conditions of excitation. The 
spectrum of substances introduced into the 
Bunsen flame consists generally of a certain 
number of linos duo to the element together 
with bands due to compounds of the element 
with oxygen or with other elements with 
which it has been introduced into the flame. 
Thus in a spectrum of calcium chloride intro- 
duced into the Bunsen flame we have, in 
addition to the characteristic flame lines of 
the clement, bands due to calcium oxide and 
other bands due to calcium chloride, the 


spectrum of calcium bromide being thus 
similar as regards the lines and oxide bands 
but showing bands peculiar to calcium bromide 
in place of those duo to calcium chloride. The 
efficacy of flames, as a method of producing 
spectra, can be greatly enhanced by introducing 
the substances in a fiiroly divided state, most 
conveniently in the form of a spray (4), but 
the method is in general limited to the more 
volatile elements. 

(ii.) Arc — The spectra of less 

volatile elements can bo conveniently pro- 
duced by burning an electric arc between 
poles of a metal under investigation or between 
carbon poles impregnated or filled with the 
substance in the case of non-inotallic bodies. 
When the arc burns between raotallio poles 
the spectrum is found to consist of linos duo 
to the element and sometimes also of bands 
due to the oxide ; but in the case of sub- 
stances introduced into the carbon arc there 
are a vast number of Ihros duo to impurities 
in the carbon polos and bands which are 
attributed to cyanogen and other carbon 
compounds. The number of linos exhibited 
by different elements under these coiulitions 
varies widely, as also does the quantity of 
an oloment necessary for the appearaiic^o of 
its spectrum. The distribution of intensity 
amongst the linos in the Hj)ectruin of a given 
element depends also on the density of the 
radiating vapour, and it is found that the last 
lines to disaj^pear from the spectrum when the 
quantity of a substance in the arc is gradually 
reduced are not noeosHarily the lines which 
are strongest when the donBity of vapour in 
the arc is greater (5). The recognition of tlio 
last lines to disappear und<»r these conditions 
is, of course, a matter of inipoi*titnce for iho 
detection of small quantiiioH of a Hu])st<m(to 
which is present as an iin fmrity. 'iriio elcotrio 
arc, burning betwocui iron I)o1<^h, is a source 
of radiation of great iinp(>rtain^(^ in si)ecd'ro- 
scopy, since its spectruin c.oiittunH the lines 
selected as tbc international s(^(!ou<lary stand- 
ards of wavo-longth, and a special form <»f Iho 
iron arc, duo to Pfuiid (0), has been chosen as 
the standard iron arc for this purpeyse on 
account of the fliiencRS of the ii'on line's which 
it yields. Arc spectra generally eonta-iu, in 
addition to the “arc lines’’' jyroper, t.hc^ liries 
oharactoristic of the iUiino spoct. nun and also a 
certain number of linefl which bt'loiig more 
appropriately to the s})ark H])<‘etruni. A 
number of interesting changes occur when the 
arc ia burnt in vacuo. ITndor these ocui- 
ditions the spark lines, whicdi arc r(dativ(dy 
feeble in air, arc greatly enhanced, and the 
oxide bands disappear and arc often replaced 
by bands usually attrilnited to hydiides. The 
arc in vacuo thus roiircsentH a transition stage 
between the arc in air and the spark Hpocftrum, 
and it has the advantage that the spark lines 
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aro ©xceediagly narrow and tlicroforo capaWo 
of jneasuremont \vith a high degree of precision, 
wliich is unobtainable in spectra of condensed 
sx)ark disoliarges, in wliich the spark lines, 
though, relatively stronger in so far ns their 
energy content is concerned, are so cliff uso 
as to bo unsuitable for measurement. 

(iii.) 8^ark Spectrci, — A striking chango in 
the si)ectrii of most substances is found whoa 
the arc si)octruni is compared with the spec- 
trum. obtained when high potential discharges 
from an induction coil or transformer ar© 
allowed to x)aBS between poles of the sub- 
stance under investigation. With cliscliargos 
obtained without the use of a condenser the 
spectrum consists mainly of hands duo to 
air wdth feeble metallio lines in the neighbour- 
hood of the poles, but when a condensed 
discharge is employed tho spark spectra of 
the polos are obtained together with the 
oharaetoristio spark linos duo to tho nitrogea 
and oxygon of tho air. Whilst the latter 
linos extend uniformly across the sptirk gup 
tho lines duo to the polos are strongest in tho 
iminediato neighbourhood of the polos and 
extend to varying distances across tho spark 
gap (7), both arc and sjiark linos are 
the. latter being greatly ouhaneod in iatonsity, 
and being in many cases found only in th© 
inimodiato neighbourhood of tho polos, whilst 
tho arc linos extend to a oonsidorahle distance 
bet\voen the polos or right ac.ross the gap. 
The linos which extend furthest across tho 
gap are x)reoiHolyth<')RO linos which are tho last 
litics to disappear when tho aiiii.>unb of tho 
suhstanee in an oloct-ric aro is gradually 
reduced. Tho spurk linens the mse Ives extend 
to varying distanoes across tho gap and oaix 
thus be olaHsilied into dilforont groups. A 
rtunarkablt^ (diango is obsorvetl when tho poriud 
of tho comlcMiMor is inoriviHid by the iiitrcxluc- 
tion of a Holf-iii<lucti(ui coil in the (urcuit (8). 
Uruk»r (hose conditions tho air liiu’is disuppear 
from tins Hp(M',tnim, which in other rnspeetH 
ai)pr<)xiiuaU’ts cloHcIy to that of tho ele<‘.trio 
ans only tho “longest” of tho spark linas 
being visibh* in th(‘ inunodiiito neighbourhood 
of lh(^ poloH. 'The t<Mnporaturo of tho poloH 
also e.vu’Ls iin iniliionini on tlm H|>et5tr*utu, tlio 
elh'ct of eooling litniig in gcMuu’nl to enhauco 
relalively the intnuHity of t/hc npark liiu^a 
(iv.) Tuhr. ^ptrtru. — tbises ciiii bust bt) 
ox<!it<‘tl to lutninnsity by tho use of vjwuiun 
tubes. Such tubes generally (niusist of two 
gloss bulbs itotinoet<«d by a length of cuipillnry 
tubing, mob bulb hoing providi'd with an 
elect rodn wliu^li is usually nuule of almniniurn. 
I'ho tubf'H ootibiiu thogoseM U bo hwt'Stlgalocl 
ot robtlively low prosHuies, g<^iio roily In tliti 
neiglibnurlioiKl of a h'W nun. nf inercuiry, 
iiutl eau be <'XeiUd by nienns of an iiuluntiun 
enil i»r tnumfnrrner. 'riio prepaniti(»ii iviid 
lilliiig of tlivHo tubes require a great deol of 


care, as the spectrum of tho substonco which 
it is dosii'od to examine is often masked by 
impurities, notably compounds of carbon, 
with which tho glass tube and tho eloctrodos 
arc frequently oontaminatod. In preparing 
those tubes they arc usually exhausted to a 
very high vacuum, and there are several 
methods by which tho desired gas can then, bo 
admitted into tho tube in ti aufSicioiitly pure 
Htato, ])ut special mothocls aro usually required 
for diHoroiit gases. Aa in, tho case of the 
spectra of spark disethargos between metallic 
}}(>les, tho spectra of f?aaoH in vacuum tubes 
can bo profoundly medifiod by tho introduc- 
tion of a condenser and sjjark gap into tho 
oleobrical circuit, hfitrogoii, for example, 
shows with an uncondonsod discharge two 
baud spectra, one of ■which is known as tho 
negative band spectrum, and which appears in 
tho noiglihourhood of the cathode, whilst the 
other, the positive hand spootimm, is hrightost 
in tho capillary portions of the tube. When 
the coiideuHor and spark gap aro introduced 
into tho circuit tho two band spectra disappear 
and are replaced by a bright lino spootruni, 
wliich is the spark sjiootrum of nitrogen. 
This spectrum ia itself capable of further 
rnodifidittion, for when more powerful sjiark 
discharges tiro onqiloyod ooitain of tho lines 
aro relatively onhancotl. With those powerful 
condonsod dischargos, it is usual to find lines 
duo to tho constituouts of the glass walls of 
tho oapilliiry. A very striking example of 
the change duo to the introduction of the 
coiKlonsor and spark ga[) is allurdod by tho 
rare goH argon, whicjh with the unoondensod 
diaoharge glows with a rod light, which changes 
to a bright blue when the coiidoused discharge 
is uso<l. In mldition to spootrn due to pure 
Hiib»tau<-.oH, it is oonimou to find in vacuum 
tubes l>auds duo tu oompounds. A large 
numlier of (lilTeront types of vacuum tube 
liavo boon designed for diffonuit tiurposos. 
For the invcHtigniioii of tho nltm-violot it is 
nccesHiiry to iis<s Uxbos of fufle<l or glass 
tubes i>rovi<l(‘(l with ii quartz window, For 
the iiiv'^tHsUgation of mn\o substanoos, c.(/. 
lueUiUie oadniiuiu, which are not volatile at 
ordinary leiniK^ratiiroH, it is possihle to obtain 
Halisfantory roHultn by ruisin|? tho tempemturo 
of the vaouuiii tube- In tubes containing 
mix turns of j^ascH it fnujuently occurs that 
the gus whioli is [>roH<'int in Hinallor (jiiantity 
doiuinaloH tlio HptHdmni, tluuigk it is often 
poHwihle to rovt^FHci this stale of allairs by a 
ohangu in the ooii<liU»mH of «deetrmil exeita- 
tioii. ThtiM ill a inixturo of holiiuu and argon 
a HUiall (pianlity of nr^jjon is Huftbdinit to mask 
the lii'Uutu Hpooirum whcui an uncondoiiHod 
<UHcharg;r is iiMcd, although the Ivolinm liiu^s 
appoar brightly when a <umtb'us(‘<l cliHohargo 
is xmiployoil, Sorno gas«‘M art» <leoompt>flc^ 
hy the passagoi of the* diMdiie diHolini^e, aud 
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in ties© eases it is necessary to arrange for a 
contiauous flow of the gas through the tube 
so that the products of decomposition are 
carried away. Changes in the Bpeotrum of 
gases in wacuum tubes can also he brought 
about by changes in the pressure in the tube, 
and by the presence of impurities. Some of 
these changes are very striking and can be 
observed without difficulty, whilst others axe 
discovered only when photometric measure- 
ments are made of the relative intensities of 
the lines. 

(v.) Other Methods of Production. — ^Interest- 
ing rosults have been obtained by examining 
the spectra of substances at very high tempera- 
tures by enclosing them in graphite tubes 
heated by the passage of a very powerful 
electric current (9). In such cases the 
luminosity is probably due to temperature 
alone, but it resembles in general the spectra 
from eleotrio ares, although at the highest 
temperatures available a certain number of 
spart lines con he observed. In recent years 
attention has been paid to the spectra of 
fluorescent substances (10). In the case of 
solids and liq^uids, the spectrum usually 
consists of broad and somewhat indefinite 
hands, but in the ease of fluorescent vapours 
the spectra are discontinuous and often 
exceedingly complex, the spectrum depending 
on the nature of the exciting light. 

§'(4) Estimates of Iitteitsitt- — ^In record- 
ing a spectrum it is usual to give, in addition 
to the wave-lengths of the lines, an estimate 
of their intensities and an indication of any 
peculiar characteristios which they show. 
Thus, in a given spectrum some lines may 
appear perfectly sharp, whilst others are 
diffuse, either uniformly or in the direction 
of longer or shorter wave-length. It is usual 
to express intensities on an arbitrary scale 
from 0 to 10, the strongest lines being desig- 
nated 10, whilst those which are just visible 
are given sis intensity 0. This procedure, 
whether by direct visual observations or from 
photographic plates, is very inaccurate and 
is subject to considerable personal error on 
the part of the observer. In the infra-red 
regions of the spectrum where the thermopile 
or bolometer are used, the intensities can be 
quantitatively measured, and methods have 
been introduced recently by which quantitative 
measurements can also be made photographic- 
ally in the visible and ultra-violet portions of 
the spectrum (11). 

§ (5) Doppler’s Prjnoiple. — There are a 
number of phenomena in spectroscopy which 
depend on the application of Doppler’s prin- 
ciple. According to this principle a small 
change in the wave-length of a line is found 
when the observer or the source of radia- 
tion is in motion. If \ is the wave-length 
observed when both the observer and the 


source are at rest, and if a is tho velocity of 
the observer and b that of tho source in the 
lino of sight, V being tho velocity of light, 
then X, tho observed wavo-lengtli whon tho 
observer or source is in motion, is given by 
the equation 


the upper sign being used in the case of 
approach. 

Thus, if tho displacement of a lino is 
measured, tho velocity of tho moving source 
relative to tho observer can be clcdorniiuod. 
This has boon applied to tho determination 
of the velocity of tho positive rays in hydrogen 
and other gases (12). In such oxperinients, 
in addition to tho displaced lino, there is a 
line in the undisplaced position, the latt.or 
being due to particles made luminous in tho 
path of tho positive rays, whilst tho former 
is duo to the radiation of tho moving particles 
themselves. According to tho kiaotio theory 
of gases the particles of a gas are in motion, 
and in consequence part of tho radiation in a 
luminous gas will bo from partiedes whi<di 
are approaching tho observer, and soma fn)m 
paroles which are rocjediiig. The result of 
this is that 8j)ectrum lines are never inlinihdy 
narrow, hut arc broadened according to a 
law wWch dei)onds on tho distribution of 
velooiti<M in the gas. Those vclocntias ai'o 
proportional to tho square root of the absolute 
temperature, and inversely proportional t^) the 
square root of tho masses of tho mdiating 
particles. According to tho kinetic thtM)ry 
tho distribution of intensity in a line which in 
broadened in this way f( allows a law of tho 
form y = pto width of a specstrum 

lino is thus mathoiuaticnlly inliniU^ btit it Is 
usual to define it by the ‘Mialf-width,” which 
is the value of a; when J^owl Itnyh'igh 

(13) has shown that if is the half- width ’* 
of a lino of wavo-longth X from a H(uirce at 
T® absolute, the niaHH<w of the radiating 
particles, in terms of that of tho hydrogo‘n 
atom, being m, 

X Ifl-’. 

A ' fll 

This affords a moans of clatamiining the 
masses of tho radiating partUde^s in huninouH 
gases if tho teniporaturo is known, tho 
relative masses in(loi)ondontly of the ti^mpern- 
tnre in tho case of mixtunw of Ity 

measuring tho “half-widths” of thc' liuoB of 
tho rare gases from vacuum tubes at onliunry 
temperatures, and whon immorwul in lu^uid 
air, it has boon poRsible to show that tho 
temperature of the rjidiating pariude^s in a 
dischaigo tube is not approtnahly greater 
than that of tho walls of tho tube, and that 
tho measured “half- widths^’ of tho lines aro 
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in close agrooment ■with tlie values deduced 
on theoretical gromds (14). 

§ (C) DiarniBUTiON of IiTTEirsiTy. — It has 
boon found i)ossiblo to measure tli© aotutil 
distribution of intensity in the linos, and. tho 
results have been found to be in accordance 
with theory. Investigations of this kind 
require tho use of speetroscopio apparatus of 
very high reaolving power, far exceeding that 
of any prism instruments and barely T^ithin 
tho capacity of the largest gratings. The 
instrumonts usually employed for investiga- 
tions of tliis kind are tho Micholson or Fabry 
and Porot interferometers, tlie Echelon 
diffraction grating, or the Lumnner-Crehrek© 
plate (15). Tho method of measuring tho 
widths of linos with the interforometor consists 
in gradually increasing the distance between 
tho plates until the interference fringes vanish, 
tho “ half- widths ” of the lines being deducibl© 
from tho optical difference of path when this 
occurs (13). Py somewhat different methods 
the Echelon and Lummor-Oehreko plate may 
also be used for measuroments of the widths 
of linos. These instruments are of groat value 
in all cases in which phonomona depending 
on small changes or differences of wave-length 
aro concerned, though the largest gratings 
can also boused. 

§ (7) Tub Effbot, — I mongst tho 

phenomona included in this category may bo 
inentionod tho magnotie resolution of spootrui^ 
linos into oc^mponents diseovorod by Zeeman, 
in 1890 (10). Zooman found that when a 
source of light is phicod in a powerful naagnetio 
field tho linos aro split up into components, 
some of vhich aro polarised in -a direction 
perpendicular to tho magnetic liold, whilst 
others are polarised parallel to the field, when 
tho luminous source is observed transversely 
to the field. In tho simi)lost ease a line 
observed transversely is split up into throe 
oonifiononts, tho outer components being 
polariwed at right angh^s and tho central oom- 
ponoiit parallel to tho liiK^s of force. The 
flciparation of tiioflo two outer oonipononts is 
an im|)(u‘tuiit euiiHtant, from which tho ratio 
of the (‘l(‘<'.U'ic ehurgo to the in ass of tho elec- 
tron hiiH l)C‘(‘n deduet^ii. It ih found that 
Z« .(A\/\'‘*li) y. 1(F, whc^eilMH llio Hcparaiion 
of th(» ouU^r fom i)oiK‘iitrt of a “nonnal” 
Ze<Mii!in tripU^, X flu’s waive- IcMigth, II tlio 
magiudio Ih’Ul, an<l Yin n constant which, 
according to the most reeunt romiltH, in equal 
to l>-385. When vuMVi'sd along the lincH of 
force the rmolut-ioii in t he wnif>l<'st ease is into 
two ootnixinentH of o<iiial intoriHity which aro 
eir<uriarly |u»larirted in opposite dimitions- 
I'his Hlniplc* ouHo luia be'on ancounted for 
ilK'oretioally by hon^ntz, but the plu^uomemi 
,in‘ geiiornlly muoli nion* coinplex, many <Hf- 
forcui tyfX’H of nwilnt ion luring miw re(*<)gtiiHed. 
Jt Inih, lieweviM’, i)cea found that nil lines 


belonging to the saino spectral series exliibit 
the same resolution, and corresponding linos 
different elements behave in tho same way. 
Bunge has shown that in many cases these 
complex separations may be expressed as 
simple fractions of tho separation of tho 
normal Zeeman triplet, but there are many 
complex typos which do not apj)oar to con- 
form with this rule. The phenomena are even 
more complicated in tho case of certain linos 
which exhihit dissymmetries and sliifts, and 
complex phenomena are frequently observed 
in the resolution of lines which aro themselves 
close doubles. 

Many spectrum lines, when examined under 
a high resolving power, are found to possess 
a complex structure. This is most common 
in linos of tho heavier elements, which are 
frequently accompanied by satellites. Certain 
regularities in tho positions of those satellites 
have been observed, but their precise nature 
is not yet understood. 

§(8) Variatioits of WAVi-nENOTir. — It has 
heen found that tho wave-lengths of lines aro 
in many oases affected by the pressure of gas 
in tho luminous source. .The change in. wave- 
length obsorvocl is usually very small, oven 
when very groat ranges of ])rossuro are om- 
ployod Those displacements appear to be 
directly proportional to the pressure and vary 
for different linos and for difforont elements. 
They are independent of tho partial pressure 
of tho luminous gas, but depend only on tho 
total pressure. Itooont investigations have 
shown that tho pressure effect is an exceed- 
ingly c(>m])lox problem. 

It has boon found that in olootrio arcs at 
atmospheric pressure minute changes of wave- 
length of some of the linos are to bo found 
in fclio noighhotirhood of tho poles. This 
phonoincnon, whurii is known as tho Polo 
offeet, is (listin<‘.t from the change in wave- 
length duo to profisuro, niul is of fundamontal 
importance in the ohoiee of standards of wave- 
hmgth. Tho exact naburo of t.ho phenomenon 
is at piesont not fully understood. 

vS| )e<'.troH(!opio a]>panituR of very high re- 
solving power is re<iuired in tlu^ investigation 
of tho minute diffcrenctiH in wav<^dength whi(!h 
have been obnervocl between tho lines of tho 
isotopcH ofhuid. 

§ (i)) Tub finTiK Effkot. — Stark clis- 
oovenri in 101 !1 (17) that when certnin 
.s|)('(d.rurn liiu^H are (^mitt(xl in strong cdoctric 
fitdds th<‘y nro resolved into eompemonts, 
whicrii, ns in tho <uiHe of the Zeoman effoet, 
arc polariwxl iu (liPF(^rent plaiioH. I'liis pheno- 
menon <li(T('rH from the Zeeman effeet in the 
fact that the n’Holntion is not the same for 
linos of tbe Hivnie Herb’s, th(‘ w’paiutien and 
immber of the (components iiun’CMising with tlie 
t(‘rin number, thmiglu aw in the mise of tlio 
Zeonmti (‘iroet, tin) polarinaiicn and number 
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of tke components depend on the direction 
with respect to the field in which the observa- 
tions are made. Stark’s method of investigat- 
ing the phenomenon was to observe the radia- 
tion of positive rays in a space between two 
metal plates which were kept at a suitable 
difference of potential in a specially designed 
vacuum tube, whilst Lo Surdo, who discovered 
the phenomenon independently at about the 
same time as Stark, found that the electric 
field in a vacuum tube in which the cathode 
was in a constricted part of the tube was great 
enough to exhibit the phenomenon. It has 
recently been found possible to investigate the 
electric resolution of the less volatile elements. 

In some cases the resolution is symmetrical, 
whilst in others there is a marked dissymmetry 
of the components, both as regards their 
position and intensity. Lines of the difiuse 
series are affected to a much greater extent 
than those of the principal and sharp series. 
Stark has pointed out that the broadening of 
spectrum lines which occurs when powerful 
electric discharges are used is greatest for 
those lines which exhibit the greatest electrical 
resolution, and has suggested that the broaden- 
ing in this case is due to the electric fields of 
neighbouring charged atoms on the radiating 
particles. Later investigations have confirmed 
this explanation of the broadening both q^uali- 
tatively and quantitatively. It should be 
pointed out that this broadening by powerful 
condensed discharges, and also" the broadening 
which results from an increase of pressure, is 
distinct from and superposed on the broaden- 
ing which is due to the motions of the radiating 
particles in the line of sight. Whilst the latter 
efieot imposes an inferior limit to the widths 
of spectrum lines, the former conditions can 
be varied from a negligible effect to a state 
in which the lines broaden to an almost con- 
tinuous spectrum. 

§ (10) Spbotbum Sbeihs. (i.) Balmer . — ^Tt 
had been recognised for many years (18) that 
the lines in spectra were arranged in a manner 
which implied some definite relation between 
them, hut the first successful roprosontation 
of a series of lines was the formula of Balmor, 
which represents to a high degree of accuracy 
the chief series of hnos in the spectrum of 
hydrogen. The word series is taken to moan 
a succession of lines the intervals between 
which become less from the red towards the 
violet and which degrade in intensity in the 
same direction. These series may consist of 
single lines, pairs or groups of more complex 
structure, and a spectrum usually comprises 
a number of such series. In the simplest 
case, that of hydrogen, Balmer expressed the 
wave-lengths of the lines (in reality complex 
lines) by the formula 

X=3646-14-^ 


where m takes a series of integral values 15, 4, 
5, etc. Tho series therefore converges to a 
limit at \ = 364()-14, but the limit of a series 
is never observed owing to tho ra])i<l cU'grada- 
tion in the intensities of tho lines, though in 
the case of hydrogen u])war<ls of 30 members 
of tho series have been obHerve<l in the ehromo- 
sphore of the sun. Jn all tho more recrcuit 
work on spectrum scries it has boom found 
convenient to express tho results in terms of 
the wave number, which is the rociju'ot'ul of 
the wave-length or the number of waves ]K^r 
centimetre. In terms of tho wave number 
Balmor’s formula reduces to 


?i=27418'75 


1()J)()75 


(ii.) liydbergy Kayficr a)iA liungc , — Further 
regularities in spoetra were rect)gniHe<l in tho 
classical work of Rydberg and of Kayser and 
Runge. Those investigators ree<»guiHCHl the 
existence of throe chief tyjx's of st'rics which 
are now known (following Rydberg) as the 
Principal, Sharp, and Diffuse series, w'hich fin\ 
abbreviated P, 8, and 1) res|>(aitively. Kayw^r 
and Rungo expressed tho wave numbers of 
the linos of series by the formula 


w r=: A - B?a • ^ ( Vr*, 

where A, B, and C are c^onstiintw, A being 
the limit of tho Htuios; but this inotlmd of 
representing tho scM’ios is infori<»r to that of 
Rydberg, which not only oxprcHScsl with suc- 
cess tho wave numbers of tlnn individual lines of 
series, but brought out tho rolatiim bet wwn the 
different series. Ry<lborg oinploywl the formula 


whore % is tho limit of the Hori(‘H, g a K'onstnnt 
peculiar to the series, and N the^ “ univerHid 
constant,” wliioh is e(pial on Rowlan<rs sealc of 
wave-lengths to 100(175, 7n taking sucix^Hsivt^ in- 
tegral values. A r(X(ent invest fgut it m < )f ( 'urt is, 
in which tho linos of the Balmer nf liytlnt- 
gon were romeasured with great prtntisiitn, lias 
shown that on the international scale <»f wave- 
lengths tho value N ltH)(17K*3 sliould be 
adopted. This “ eoimtant ” is n<*arly the same 
for all series and all elomenta, and* its inter- 
pretation in tho light of tint (juanttnn tluxiry 
is one of tho most striking a(*hi(*viUrt<'ntH ttf 
modern th(«)retieal pliysu^ Tho P, »S. amt 
D scries differ physically in many imptirtnnt 
charactoriHti(‘s. Thus, of the thrtM^ si‘rit*s, the 
P soiicR, which usually eontains th(^ nmst 
prominent lines in tlio spectrum, sht»\vs the 
phenomenon of reversal most rt^ndily ; in the 
S sorioa, as its name irni)Iies, tlie lini^s an* sharp 
under most conditions and arc se^ldoin revcrscii ; 
whilst tho lines of tlH*! I) sf^rit's art'* usually 
diffuse, and undergo a greater r(*Holution in 
tho electric field tlian tlm lin(‘s (tf the <»th<!ir 
series. Rydberg and St^huster diw 5 ovore<l in- 
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depondontly the important relation that the 
difforonco between the limit of the P aorios 
and that of the S series is equal to the wave- 
number of the first P line. The relations 
discovered by Rydberg can be scon from the 
following formulae, which represent the wave- 
numbers for the three series in the case in 
which each component of the series is a pair. 
Writing j), s, and d for the values of /x in the 
P, S, and D scries roapoctivoly, and noting that 
the limit of the series in the simple Rydberg 
formula can bo written in the form 
wo have 

P series, 

~^((l 

""^((1 + if ”("1+ Paf)’ 

S series, 

^ 1 + j)a) “ “ (m + af ) ’ 

~^(dTKf “ Cm+i)*)’ 

I) series, 

" (m+dy^’ 

in each case denoting the member of the 
])air of greater wave- number. The following 
important fucjts omorgo from these relations : 

(1) The S and I) scries converge to the same 
limit, but the separation of the components of 
the pairs remains conshint. 

(2) In the P sorios the separation of the 
components of the pairs (lecroiiscH with the 
term xmmber, converging to a common limit. 

(.*1) If the more n^frangiblo member of the 
pair is the stronger in the I* serhw, the loss 
I’ofrangiblo nuMuber will bo the stronger in the 
S and 1) seric^H. 

(iii.) liilz and lIU'hA . — These relations are 
probably (^xa<d., tlioiigli I.Ikh wave-numbers 
of th(^ individua-l liruv.^ of may be more 

at'<uirat(‘ly nq)reseu(.('(l by tlu^ fornmlae of 
Ritz and Ifieks. Tlu^ formula of RitJi may 
be writbai apjH'oximately 

\ ^ 

^ [ni I /t 1 

whih^ Hicks finds fbat the most a(u*urate 
nipreseutation of the wav<'-numb(M- is given by 

N 

* {/w I /X I (a///0)'- 

In Rify. forintda ni tak(‘S integral values 
for the R and D scries, but in tl»o S series 
it assunu'H th<» valu(‘S 2‘.5, 4*r>, (te. In 

tlu' Rit/. ami Hu^ks fonnulao the values of 


pL and a for the P, S, and D series are expressed 
by the symbols ^jtt, S(t, d8 respectively, and the 
relations between the series can bo conveniently 
expressed by adopting the abbreviated forms 
due to Paschen, wh(^ writes, for example, 
w.p, mSf and 7nd, for the variable parts of the 
P, S, and D series ; similarly \p denotes the 
common limit of the S and I) series. Similar 
relations to those given above are found in 
the case of series consisting of triplets. The 
above formulae require some amplification 
in the case of scries which have satellites 
associated with the D series. It will be seen 
that every lino in the scheme given above is 
represented as the difference between two 
wavo-numboi‘s, one of which is the limit of 
the sorios, and Ritz’s important combination 
principle states that linos are often observed 
which can bo roprosontod by combining these 
wave-numbers in different ways. Thus in 
certain “ combination ” sorios, as they are 
called, the wave-numbers are equal to the 
differences between other observed wave- 
numboi’S. The validity of the combination 
principle has boon established by the 
recognition of a groat number of combination 
sorios. Of those combination sorios the most 
im])ortant is' known as the Pundamontal or 
F series, the wave-numbers of which can be 
ox})roBsod, in Paschen ’s notation, as % = 2dJ - mf. 
Ritz has suggested another representation of 
this sorios, hut this does not appear to be fully 
established. The spectra of olomonts in the 
same group in tho periodic table are similar, the 
separation of doublets or triplets being roughly 
proportional to tho squares of the atomic 
weights. 

§ (11) Ano AND SrARK Spectra (Fowler). — 
In a i)revu>uH i)aragraph tho terms arc and 
spark Hpocitra wore used to denote the linos 
whicdi were relatively stronger in tho spectra of 
<do(!tric arcs and spark discharges respectively. 
These terms have now assumed a new and 
more fundamental significance in tho light of 
the iin])t)rtant work of Fowler (19) on series 
in Hj)ark sjx'ctra. Tho fundamental difference 
in the spark and arc scries lies in tho fact that 
the '' universal constant ” N in the series 
fornuila is replaced by W in spark series, 
whi(*h is in at^xiordanco with recent theoretical 
inv<wtigari<)n« on tlie origin of spectra. The 
<^jise of magm^sium may bo cited as an example. 
In the s|KH*.truTU of this element there is a 
compk^to H('it of ar(! scries with tho “ universal 
constant” ccjual to N, comprising a triplet 
sysRun and a single Hnc system, and also a 
pair system of spark lines in which tho N is 
r<q)laced by 4N. Botli those sets of scries are 
accompanied I)y ('ombination scries. Those 
resultH are of fundanumtal importance in 
nwumt work on the origin of H]) 0 (ttra in r<datk>n 
to atoini<i stnud-uns but their discussion is 
beytuul tho scope of tho present article. 

3 E 
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§(12) Ba.nd Spectra. — The existence of 
regularities is very apparent in the case of 
band spectra. Bands, which are usually 
associated with the spectra of compounds or 
molecules, consist of groujis of lines which 
converge to definite heads, the head of a band 
being frequently, but by no means invariably, 
the strongest lino in the band. These bands 
may be degraded either towards the rod or 
towards the violet, and a largo number of the 
lines composing them can often bo enumerated, 
and bands of similar structure recur at intervals 
in the spectrum. Deslandros has shown that 
the wave - numbers of the lines composing 
bands may be expressed by a formula of the 
type n = A -I- Bm®, where A is the wave-number 
of the head of the band, B a constant, and m 
takes a series of integral values 1, 2, 3, etc. 
In the same way it has been shown that the 
heads of the different bands may be arranged 
in series by a similar formula. The two 
formulae may be united into one, so that tho 
complete representation of the linos in a series 
of bands is given by 
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1,5. Gehrcke, Anioendwng <Jrr 1 utarferenzen , 1005. 
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Spbotrttm : tho arrange in on t of nwliant 
energy in order of wave-length or fi*o- 
quoncy. Sec fipoctro photometry,” § (2). 

Arc, tho production of an. See “ Spectro- 
scopy, Modern,” g (t\) (ii.). 

Blame, tho ])ro<liiction of a. See ihul . g (3) (i.). 

Spark, tho production of a. See ibid . § (3) 
(Hi.). 

Tube, tho Production of a. See ibid , § (3) 
(iv.). 


n=A.l^+ 

where A, B, and C are constants and I and m 
are integers. These formulae are only approxi- 
mate, and a number of more complex modifica- 
tions have been proposed ; but in the absence 
of any theoretical Imowledge as to the origin 
of band spectra, it may be considered doubtful 
whether they are to bo regarded as having 
greater significance than pure interpolation 
formulae. Band spectra are often exceedingly 
complex, several series frequently converging 
to the same head, and these different com- 
ponent series may show variations in their 
relative intensities under different physical 
conditions of excitation. Towlor (20) has 
recently observed a new type of hand series 
associated with the spectrum of helium. In 
these bands tho individual lines composing 
the bands are arranged in a manner which can 
be expressed approximately by Deslandros’ 
formula, whilst the heads of the hands are 
arranged in series resembling those found in 
line spectra. 
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9. King, Astrophys. Joum., 1908, xxvii. 353, and 
numerous later papers in Astrophys. Joum, 


Spectrum Theory, application of quantum 
theory to. See “ (Quantum Theory,” § (7). 

Spherical Aberration : a defect of an 
optical system in which tho focal length 
varies for different zones of the apcrturcH. 
See “ Miorofloope, Optics of the,” § (5) ; 
“Telescope,” § (3); “Optical Calcula- 
tions ” ; “ Lons Systems, Abt'rrations of.” 
In telescopes. See “ Toh^seope,” § (3). 
Investigated by Foucault’s original knife- 
edge mothoiL Soo “ Optical l^irts, The 
Working of,” § (3) (ii.). 

Measurement of. Soo “ Camera I/mscs, 
Testing of,” § (2) ; “ TcIcbcoiks” § (.5). 

Of eyo. See “ Eye,” § (24). 

Physical aspect of. See “ Mieroscope, 
Optics of the,” § (7). 

Sphbrometer: an instrument for measuring 
tho curvature of the surfaces of lenses u»ncl 
mirrors. See “ Spherometry,” §§ (1) to (6). 


SPHEROMETRY 

§ (1) In tho following paragraphs methfxla 
will be described whieli are Huitable for tho 
determination of tho eurvaturoH of th(^ surfaces 
of lenses and mirrors. Only tlu^sc^ arrange- 
ments will bo treated whitdi are of gcnenil 
applicability, and which will be found useful 
in determining tho structural data of optical 
instruments. A complete compenflium of all 
the arrangements omployo<l by ilifTerent ex- 
perimenters would he quite ])e,vond the s])ace 
at our disposal ; but the motliods (hwTibed 
will bo found to cover satisfat'torily thc^ whole 
range of curvature encountered in prac‘tico, 
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£ri>m tho minuto ra>dii of tlio power 

rnicr<)sco[)o c)l)jG<jtivo to the long radii of nearly 
flat surfaees. 


I. 'Meohanicad Methods 

§ (2) The Simple Spiibrometee. — For 
medium oiiiTatures, provided tho diameter 
of tho surface is 
j— ^ reasonably large, 

^2 the do tor HI in a- 

tioii of curvataro 
I most easily 

performed with 
^ spheiu motor. 

C form of sjihcro- 

motor is shown 

I ^ in Fi{j. 1. Three 

I rigid logs, fcer- 

I IL^ Hi minating in 

I c V points «, b, anti 

I ^ I c, arc attached 

v;L-— Y*'* 'to a stout i)lato. 

ct l^w. 1. Through tho 

coatro of tho 
plate passers luioroniotor screw, also termiiiat- j 
ing in a point (L | 

Tho three points a, A, andc aro atthooomers 
of an 0(1 ui lateral trianglo, and d is oquicliatant 
from each of thorn. If the sphoroinetor rests 
on a piano surf hoc and c2 is soiewod down so 
as just totoucdi the surface, tho reading of the 
niicTometer eorrosponding to zero curvature is 
obtained. If tho instriinicnt rests on a curved 
surfaoo, and d isatljusted temako contact, tho 
difforonno l>o* 

I twcon tho inicro- 

1 I motor roadingand 

ife/ ] that corrospond- 
^ I ,/ ing to Koro curva* ^ 
ture is <i mciwuro 
/ J \ of tho curvature. 

/ I Suppose this 

I i » <li(^orcn<^o is k, 

I ; I «iti(l that the 

\ ; ' radius of the 

\ 1 / idrole on wlu<di 

I y tho three ihod 

\f f<^(^b lio is /). In 

2, <M h and 
Kki. li. cA(— :CA i>. 

From tho g(M>- | 

me try of tlu'i figure ed x ef ch\ i.<*. Ii(2r>/i) 
where r is the nulius of the H|)hori((4il Hurfa<H\ 
1’hcroforo „ , 

/>a , h 

Tn order to detennino the cxacit inonicnt at I 
which d oontacd., tho usual method of! 

iiuing tho iimirunu'ut is to grip tho milled | 
Inuid Fiij. I, lightly between tlie thuinh < 






and the first and second fingers, and screw up 
the micromotor, taking care to avoid bearing 
more heavily on one of tho feet than on tho 
others. So long as d is not touching, tho 
splioromctor remains quite steady ; but as 
sof)n as d tc')uchoa the suifaco any further 
rotation tends to raise the other feet from the 
suifaco and tho whole s'i)iior()nioior rotates. 
With a little x)ractieo in handling tho instru- 
ment, rca<lings can ho repeated to a surprising 
degi-eo of accuracy l>y this method provided 
tlio span, 2/>, is fairly large. This typo of 
iiistnimont is wery useful thcroforo for largo' 
surf aces; but for surfaces of sniiillcr diameter, 
where an instnimont W'ith. tho foot closer 
together must bo employed, the piecision of 
sotting falls off (ionsiclenibly. 

Por the groat majority of lenses tho diameter 
iu under tw( ) inches, and it is do.sirablo to employ 
more aocurnto tyjt)es of si)hor()motor. 

§ (11) Thk Initfj iSrnisROTWET.KE.'* — This 
sphorometCT, doHignecl hy Professor Ahbd, gets 
over tho difliculty of dotonnining wlion con- 
tact is made hy dispensing altogether witli 
tho inioromoter 
serew' and re- 
pUicsing it by a 
pUingcr which 
sliders freely in 
giiidos and is 
pulled against 
the surface of tho 
Ions by a definite 
force. The <lo* 
groeof contact is 
thcroforo always 
tho same. T?ho 
position of tho 
plungc?!r is icad i<’i(*. 3. 

by moans of a 

mi<^rosc()p(j with inumomoUT ey('i]>iec^o. i'h'f/. 3 
is a diagram ruatic scediou of tho instru- 
ment, from wdiieh its construction will l )0 
easily iindorstooil. li is a circular j)lat(5 
supported on two stout pillars, of which 
only oiu^ F, is hIiowii. I’hc sliding rod 
II pu«H(w thiDiigh tho contro of B and 
through a low'cr guid(‘ <1, which is attachocl 
h(it\v(‘<ui the two uprights, A counterweight 
W is ntt}tcli(‘<l to U by a string wliich passes 
over a pulhy. This is slightly heavier than 
H, HO that ii) ItMuls to pull the latte uf> wards. 
A fin(dy*divl(i(Ml wuilc is altacdicd to tho side 
of th(^ plungor an<l is read by a ruidroscope 
attaeUed to tho undorHuh^ of P, fractions of a 
division Ixung obtaiiunl hy tli<^ mioromotem 
oyopkxto. T’Ue Iimis under tost rests on a ring 
A \vhi<di IS oonecmtiie with tho jdungor. Tho 
ring is not IievdU^d to a single razor edge, but 
is giuund to nn annular plateau about j mm. 
wi<U\ (?<>nciiv<» Hurfauu^H mnk(^ ciontaot with 

J>ulfrlch, i€cil9^ J, ImtmmUk,, lSt)2, xll 
J)07» 
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the outer rim ajid convex surfaces with, the 
inner. There is therefore a slightly different 
value for p, the radius of the ring, in the two 
oases. The reason for this arrangement is 
that with pointed feet, as in the simple 
spherometer first described, or with rings 
bevelled to a single razor edge, the points or 
edges become rounded in use and lenses of 
different curvature make contact at different 
distances from the centre. It is therefore 
impossible to ascribe an accurate value to p. 
With Abb6’s arrangement the edges are much 
less acute and so do not round off readily. 
There are a number of rings such as A, but 
of different diameters, which may be fitted on 
the instrument so that lenses of various sizes 
may be measured. 

§ (4) The Aldis Sphebombter. — ^In this 
, spherometer the lens rests on three steel balls 
instead of on points or rings. This appears 
to be the best method of support, inasmuch 
as the blunting difficulty is entirely eliminated ; 
and, further, there is no tendency to scratch 
or mark the lens, a fault which some users 
allege against the ring support. With spheri- 
cal supports the formula req^uires a little 
modification. Let AB, Fig. 4, be a convex sur- 
face of radius 
^ r resting on 

y\ spheres of 

/ \ radius a whose 

/ \ centres are on a 

/ \ circle of radius 

^ / ^ \ P* The quantity 

/ I \ 3" Q which the 

i^ieasures is \ 

• distance be- 

TiG. 4. tween the 

lowest point of 

the surface and the plane TG tangential 
to the spheres, the zero being obtained 
by the use of a flat surface in' the ordinary 
way. This is equal to the vertical distance 
between the lowest point of A'B', a curve 
concentric with AB but passing through, the 
centres of the spheres, and the plane T'G-'. 
Thus the ordinary spherometer formula, using 
the values h and p, would give the railus of 
A'B' which equals the radius of AB plus the 
radius of the supporting spheres. Therefore 

p2 h 

Similarly the formula in the case of a concave 
surface is 

h 


In the Aldis instrument, which is shown 
diagrammatically in Fig, 5, the lens is held 


down on the thrco-ball sup])ort by tho weight 
of a plunger P, which slidoH smoothly in a hole 
in the superstructure. Tho micrometer sen^w 
is brought up from below. Before it niakos 
contact tho lens is held fairly lirnily against 
the three peripheral 
spheres, and there is 
appreciable frictional 
resistance to rota- 
tion. When contact 
is made, however, the 
lens is practically 
held between the 
point of the micro- 
meter and tho 
plunger, and can bo 
rotated freely. 

There aro obvious 
defects in this ar- 
rangement for acou- f). 

rate work. Tho 

weight not only of tho lens but of tho 
plunger has to bo supportod on the sharp 
point of tho micrometer. <^uito an nppn'cialdo 
local depression is thon^foro produced hefon^ 
lifting occurs. This will occur to appnjxi- 
mately tho same extent in taking the zero 
reading, but the process is disnstroutt to any 
surface wliich undergoes it very often. The 
flat used for zero testing is soon ruined. 'J'he 
sensitivity with which the oontaci can 
detected by rotating tho lens in fairly high 
with large lenses, hut for small lenses, such 
for instance as those in oyepiccea, it bc‘C(»me8 
very low. 

§ (5) The Child Simibromktku.* — This in- 
strument is similar to tho Aldin instnuuent 
as regards tho arrangoniont of the microinc'liT 
parts and tho use of threo-Hphoro suppin'ts, 
but the method of detect iiig contact is quite 
different. 

The micromotor sennv, instead of terminat- 
ing in a point, terminates in a small si)h<T<' nf 
quartz (or glass). When this is in*nrly in 
contact with the suifaco of tho I<‘us urnU-r 
test, bfowton’s rings can he soon if a suitable 
arrangement for observing tluun 1 h‘ pro- 
vided. From tho hohuviour of t^u‘Ht^ riogs 
the micromotor is rotated th(^ point of <i(nita<‘t 
can be observed. Tho instrunumt is slunva 
diagrammatically in F/g, <}. I in ilu^ h^ns 
under test resting on tho threo-Hphor<^ Hupi»n’t 
(only two aro sliovTi). 1$ is thi^ sninll frjukK- 
parent sphere in which the ini(T( )tn(‘t(‘r ter- 
minates. A microscoyic M, with an ordiiiai'y 
vertical illuminator V titted ahovc^ th<‘ (dJ- 
jeotive, is arranged for observing the N<wt«ax'H 
rings formed between B and L. Illuininaf i«»n 
is supplied hy a small 4-v’oIt lamp on a 
suitable bracket. A j)ie<!e of Wrattem No. Sin 
gelatin filter (rod) is mounted hidiiiul th(' 
aperture of the illuminator, and rendern the 
" Guild, Trans. Opt. 1018, xlx, lOU. 
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light sufticiently nKinotiliroumtic for aovtu’al 
rings to be seen STirroiinding the jiciint of 
contact. 

Tlio niotliod of tising the iiiatriimcnt is 
sini])lc. Bii})p()ao that the small B])lioro B ia 
gradually ai)])r(>achiiig t-hc .surface of Iw. When 
it comes ^uthin a short diatance of it tlic 
I^owton’s rings become visible on suitably 



foousHing the mieroacjopo. As the surfaeos 
4i][)[)r()iioh still (iloBcr the fringes C3fi>an<l out- 
wards, a frt^sh one apiHUvring at t-lio (jcntro for 
each half wuvo-bmgth that tho screw advaiuicH; 
but when actual contact is madothooxpanHion 
of tlio friug<iH ccjiHOS abniptly, any further 
motion of the Horevv Hiin})ly lifldiig the lens 
froin its Hui)i)ort This point (uiri bo dctcr- 
minod •with ceiiainty to less 
than 0110 livo-thouHaiulth of 
a nulliinctr(\ U is hotter, 

Ii<)\vcv(^r, to UH(^ UH tho 
<iritt‘rioii of (•()nta<*t not tho 
point at wliioli expaiusion 
<tf tho ring Hyshuii e(ust‘H, 
but Hom<( (MiHily n't'ognised 
coidigu ration JuM hefrnr. tliis 
st-ago is n^nidied. A (!on- 
viaiioiit eonligtiralioii in tJint 
in wbi<'h tho (M^utra! Iilaclc 
spot approximahdy triscota 
the (lianuder of tho first 
black ring. TIiIh has tho 
advuntiigo that tho tip|>car- 
ance of tho ringH (toniimu'H 
to alter for n little boyond f.ho mpiirod 
setting, whierh is more Rutisfactory in prncHU’o 
tlian whon tho CTiU^rion adopted is one- 
Ni<l(‘d. hut th(' groatest ndvantug<i in fluit 
tho HurfaocH arc not in tight contact at thin 


stage, and so no (urors duo to local distortion 
of the surface c-aii ai’ise. 

With this instriiniont, exactly the same 



aooiiraoy in the nifcronudic^r sedtiags is obtained 
w’ith small lcnis(‘s Jis with larger With a littlo 
I>i’jiol.i(^o reiKlings of h can 
ho r('»poato<l to a ten- 
thouHimdth of a inillitnetro, 
whiidi is sevoral tiriK^s as 
s<‘nHitive as the host of the 
other existing typoH. An 
a<!t<ual instrument is Hhown 
in /'7f/* dA. 

i? (d) Tirio WAT<iir- rocjKTST 
Sen WHOM KTKii. — Por very 
rough work, an<l for tho 
rapid identilication of sur- 
ffu^crt, it is (tonvenienl to tise 
a siniph^ arrnng<unent wold 
uiuk^r tlio name of tho 
Dioptro- motor. In appoar- 
an<'(‘ iti is similar to a tvateb, 
with three feet proj(‘oting from tho rim 
{Fi’il, 7). The (nit<T foot arc [ix(Ml, arnl 
th(^ <x‘ntrtil onc^ enn he pushed in against 
ih(^ pr<‘HHur(‘ of a spring. When tlic {(^ct are 
pressed againni a Ictm surface, th(^ central log 
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is pusliod inwards to an extent ebpending on 
tlxe curvature of the surface. Its motion is 
converted into rotation, of the dial pointer by- 
toothed wheels. 

As the instrument is principally used to 
measure the power of spectacle lenses, it is 
graduated to read the power of the surface in 
dioptres, assuming a refractive index of 1-52. 
Thus the actual reading gives the q[uantity 
0*62/r, where r is the radius. 

11. Optical Methods 

§ (7) I^ewton’s Emos.— For lenses at least 
1 cm. in diameter, provided the curves are not 
too shallow, the curvatures can usually be 
most conveniently determined hy means of an 
accurate spherometer. There are oases, how- 
ever, in which the sphero- 
meter is inapplicable. 

Eor very small lenses, 
such as may he en- 
countered in a micro- 
scope objective, or for 
lenses of shallow curva- 
ture for which the value 
of K would he very small, 
other methods have to 
he adopted. There are 
a great variety of such 
methods, but they are 
not all of satisfactory 
accuracy or convenience 
to be of practical value. 

We shall restrict ourselves 
hero to a description of 
•some of the methods 
which are of real utility 
in the optical labora- 
tory. Of these the Newton’s Rings method is 
the most suitable of any for convex curves 
of long radius ; but hy employing suitable 
arrangements it can bo used down to q_uite 
small radii. 


of the air film is zero, tho rays annul (^aclt 
other by interference and ])i'<)duoo <larkn(‘HH. 
There is therefore a black spot at the (tontro 
of the system. At any point away from the 
centre the illumination will bo a nuiximuni or 
zero according as the total retardation, which is 
equal to twice the distance between the Hiirfuocs 
+ half a wave-length, is an oven or odd number 
of half wave-lengths ; that is, there will 1)0 a 
bright or a black ring at a distanco p from the 
centre according as 2/i, Fig. 8, is an odd or 
even number of half wavc-longtlis. For ])ur- 
poses of measurement the black fringes arc 
always used. These will ho at such distancoK 
from the centre that twice the sej)aration of 
tho surfaces =mX, -where X is tho wave-length 
and n has successively tho values 1, 2, Jl, 
e-fcc. If pfl is tho radius of the 7ith ring, 2//. 

for this ring But 

2y/fc- /i® =:/)/, where r is 
the radius of the eurveni 
surface. Since h is only 
a few wave - lengths, /i* 
may ho neglected in 
comparison with 2rA, ho 
that 

/),i*=2rA’n5niX, 

pn— \'V)iX. 

Tho radii of tho rings arc* 
therefore proportional to 
the square roots of the 
natural numherH, mid the 
fringes boconio <^low^r to- 
gether as we ])a.sH out- 
wards from tli<^ 

Tho widtli of a fring(^ iw 
very apf)r()xiinaU'ly in- 
versely proportional to its distaiico from the 
centre; fur if 

pj=nr\ 

Pn^i^ = {n'-l)r\ 



In Fig. 8 lot P he a plate, of which tho under 
side is accurately flat, resting on tho surface 
of a lens L, and lot a beam of monochromatic 
light fall on it from above. Tho lower surface 
of the plate forms with the Ions an air film of 
which the thickness increases in all directions 
from tho point of contact. Circular inter- 
ference fringes surrounding tho point of contact 
can therefore be seen if suitable observing 
apparatus is provided. Let us assume that 
the thickness of the film is zero at the centre. 
Since the ray roflooted from tho lower surface 
of the flat is incident from tho glass side of a 
glass- air surface, it undergoes no phase change 
on reflection. The ligh-t reflec-ted from tho 
surface of the lens, being incudent from the air 
side of a glass-air surface, undergoes a phase 
change of half a wave-length. Consequently, 
at the point of contact, where tho thickness 


••• (Pn“Pn-i)(p«-t-p«-i) -rX. 

Approximately, therefore, tho width of a fringe 
t\ 

It is easier to measure the diameter f)f tho 
rings than thoir radii. If l),^ is tho diameUr 
of the Tith ring, 



This relation can bo cinplcyod to (hdorniiiut 
the radius of oui'vatiirc of iiio Hiirfuc<\ It 
assumes, however, that tho flat is gcoiiu'trically 
tangential to the Ions at tho point of contact. 
In practice the nature of tho contact Ih hy no 
means definite. If tho surfacu's \v'<‘r(' to 
at one point only tho prcsBUPc would he 
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^^T-finite. There ia always, tlipreforo, a llattoii- 
of the curve and denting of tlie flat fco 
®^proa<l the contact over an approcuv})b area. 
Owing to this deforrnatioa near the naidrllo of 
system the diameters of the rings will not 
acenratoly given by the fornxuk -wo have 
^^isciissed. However, tlio iifjcreme in the 
<^liametors nf rings at sortie distance from the 
Centre will not ho affoctccl, and the radius of 
tilio surface will ho correctly {^ivcia ty 

^ (<f\ 

“ 4(«.j-»ii)r’ • ■ ■ 

■where and are the diaiaotors of tlio 
■^'ath and ??.ith rings ros])ectivoly. In carrying 
out this method for lenses of lone; radii a 
■travelling microaoopo, such ns that oraployod 
for the measurement of apoctruni ])liotographs, 
etc., is essential. The lens is laid on the stage 
of the microsco]:K), lig. 9, with the surfiusc to 
^0 tested upwards, and the fiat i)lato la.id on 


respect to each of them scpamtcly. It ro- 
tpiircs as big an error in 

as it requires in to produce a given error 
in r. Thus the relative accaracy with wliieh 
the diameters have to 'he measured is ])r()por- 
ticnal to the diameters. Wo saw that the 
widths of the fringes wore inversely propor- 
tional to their diameters, so that if settings 
wore accurate to the same fraction of a fringe 
width the ])rohiible error in the result would 
bo of the stimo order in each moasnroinont. 
As a matter of fact the accnmo.y of setting 
d(»e-a vary nearly in this way at some distance 
fu)Tn tlio centre, hut for the first few fringes 
the fringe width is varying rai)idly and the 
judgement of the setting is affected by the want 
of symmetry. It is not dosirahlo therefore 
to make inoasiircmcntH on rings of smaller 
order than, the Oth or 7th. For the outer ring 
as largo a value of tl as possible should bo 
taken. T'his involves working where the 



■top of it. ■Unstondlnciss can ho ])revciit.<sl by 
little XHillots of plmticono or soft wax near 
thi^ poripliery, Tlio illumination Hhmild bo 
Huppliodiii a parallel beam ut exact ly normal 
intuclenc^o hyrneaiiHof an arraufi;(uuent of the 
typt^ nhown iii the dia^rnin, A in a sniall 
*il><‘rture in a biihimi which is i)la<i(Ml 

»i Htrong rt()ur<!C of monixdironuif ic, light*. 'Fho 
«i]><*rtur<uH at t he bxuiHof a Icii^ li. Tht» 
is n‘ll<‘(^ted at a f.rauwfiareiit gliiHH r<*fl{‘< •tor U, 
wbiiili in mounted in a braektd with uiiiverHid 
luijuHt merit attnclud to the fmnu'work wliicdi 
carrieH 1h(^ mi(‘r<>Hcop<\ liy ndjuHt ing U the 
light <ein be brought to normal inci<lctuv*. 

In making llu^ a(^tnid nnwireuK^ntH it is 
nis't'Hrtary, a« we have soeti» to monsuni the 
dinmet(*rfi of two rings, the w,th and the tJatk 
Tim acouracy of the final reault will bo grcftt<ir 
the gpoat(*<r Wg - 7i|. It iHnotflcfllraliU'Jiowover, 
that r.Uhrr or Hhould ho Huudl, fw the 
rings mvir the ccntitn being broaul and <1111 use 
tli<^ aciMiracy of netting is <'{)nHiik"ral>Iy lofis 
than f(»r rings furt.lu^r out. 'Thc^ eff<«!fc on tiui 
n^rtull of errors in l),j 3 and I),,, is readily 
(Uvlufcd hy difft^rentiatiug cqttHtii^n (2) with 


fringoH are very close together, and it will 
1)0 found of ctaivouituiew to omi)loy a luioro- 
intitcr oyepu'-cc to the niieroscopo. The 
niicroHcopo an a whole in moved slowly across 
tlio fringes Hyniein by iuouuh of tho aorow B, 
th<^ fringes ci>uiit*<‘(l iws they jiass tho 

eroHS-lineH. When tho fringe is reaohocl at 
wiii<ih it is int.eiii(lod to sloii, the roucling on 
tho drum I) is bvkon. BovoihI HOttiugH arc 
Hum mii(h‘ by lacnus of the mioToiuotcr cyo- 
pi 4 ‘(!e, and tho moan of those rendhigH used to 
eorrert II lo dnun rending. Tho lul vantage of 
ill is procoRs is that if the repeated tiottingfl 
arc nuulo wiili tho setrow B,tho(^T<isft-lineB have 
to be brought biudc Hovonil fringes each time 
ill onlcrto lake up tho liacklash of the Bcrow. 
It. is voiy easy in doing this to got confused 
OH to the fringe < ui whioli tho measurornent is 
litMng nia<)a If the ropc^titions are made with 
the inirrt unet<*r oyepiceo, however, tho screw 
bfing of finer |)it,(^h and tlio moehanifltn being 
more <l<‘li<oito altoget her it is not usually nooos- 
Riary to r<»(tr(uvt moro than a fringo width to 
hake up tho backlash, and tho c^hatioos of 
gestting on tlio wrong fringe arc mhiimised 
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Thore are one or two details in tlio arrange- 
ment of Fig. 9 'which differ from those usually 
descrihed in text-hoohs and papers, and which 
require some explanation. The lens is uni- 
versally made to lie on the flat surface, and 
in consequence the fringes are seen through 
the lens, and are in general magnified, kxi 
object in contact with one surface of a lens 
is magnified, when observed through the lens, 
in the ratio /// ^ where J is tlie focal length 
and fjj is the “ back focal length,” i.e. the 
distance from the principal focus to the surface 
of the lens. It is only in the special case of a 
lens in which the other surface is flat, and in 
which, therefore, the appropriate nodal point 
coincides with the curved surface, that jj, = /. 
In all other cases the distance traversed by 
the microscope has to bo multiplied by JJf 
to give the true diameters of the rings. In 
the diagrams illustrating the method this 
point is always avoided by the convenient 
choice of a plano-convex lens ; but in practice 
this is the exceptional case. The expedient of 
placing the flat uppermost, as in Fig. 0, over- 
comes this diffioulty entirely. 

The use of the illuminating arrangements 
described hero, instead of the usual vertical 
illuminator above the microscope objective, 
ensures a parallel beam at normal inoidenco 
for all positions of the microscope. With the 
ordinary method of illumination, in which the 
light comes as a converging cone from the 
objective, fringes are only visible with ex- 
tremely thin air films, and consequently the 
lens and flat must bo in contact. This being so, 
the expedient is adopted, in dealing with con- 
cave surfaces, of measuring the difference in 
curvature between the .surface and a convex sur- 
face of greater curvature which rests within it. 
This is an inaccurate arrangement except when 
the two curvatures are very nearly equal ; as an 
error in the assumed value of the radius of the 
convex surface produces a greater percentage 
error in the rcsifit obtained for the concave. 

Suppose h is the vertical distance between 
the two surfaces at a distance p from the centre. 
Let 7ii and \ bo the respective distances of 
the convex and concave surfaces above a 
plane which is tangential to them at their 
point of contact. 

Then if is the radius of the convex and 
rg that of the concave surface 


or 


n ' h P^ ' 

, 1 1 2., . . 2A , 

• • - “ r = 3(^1 ~ ^a) =Ta = constant ; 
“imp P 



rx >1 rsfe’ 


Thus a percentage error in the asHurnod 

value of 7*1 gives rise to a iicircontage eri'or 
'^hich is rjr-i times as gri^at. vSiiioe, 
except in special ous(^h, lias itself to be 
determined, and cannot l)c kno%vn to a greater 
percentage accuracy than is also dcKirod for 
7*2, the method is not a good one. 

With the method of illuminiitiDii shown in 
Fig. 9 it is quite possihlo tt) get fringes with 
a large total path clifTereuoo and to measure 
the radius of a concave surface t linnet ly against 
a flat. The flat is laid on tlie r*ini of the lens, 
as in Fig. 9 (ft), and when tlie light is |)ro[)<‘iiy 
adjusted the fringes will ho scon and cun he 
meo/sured in the sanic way as for a convex 
surface. The light has to bo iibsol utcly lu )rmiiU 
and the angular aperture which the source 
subtends must bo small. The reasons for 
those piocaations need not- lie froutetl hero; 
they will bo understood from the trcatnuMit 
of intorforonco by tlu<'k platcH in another 
article. In making the adjuntnu^itw the bt'st 
method of procedure is to mount th(^ lens L 
on a stand which lias ruek-and -pinion adjuHt- 
monts both horizontally and verlienlly. J<ts 
movo L and adjust K by hand until i he fringOH 
appear as disl-inct as poHHil>l(\ Replace L, 
and adjust it horizontally aiul v(‘rti(‘ally until 
the rings aro equally diHtinid'- in nil paits of 
the field. A. guide to t-lio <'.orr<^(*t adjuntnuMit 
will bo found in the size of the I’ingH near tlu^ 
centro. Since foi* normal imdd('n(*e f.h<‘ retarda- 
tion is a inaximiun, l-ho rings shrink to a 
minimum size when the inei<l(‘n<i(^ is manual. 
The movomonts of tlio rings with slight 
chango.s in the adjustment ot the- light givi^ 
rise to the iinpression that 1 h(‘ !’('Hu11h obtaiiu'd 
depend outirely on the ndjiisl lueut. I'his is 
not so, however, as tlie rrlulirr. positinns of 
different parts of the ring Hy.stcm ar<‘ atT(‘<'ted 
by tho adjustment of tlu^ light to <'xaetly tho 
same extent as if tlu' surfjuwH wi‘rt‘ in eoutaet 
as in tho ordinary method. 

Tho necessity of <Mnploying im small a hok^ 
as ])ossible at A ne(^(wsitaleH the uw' of u v<My 
bright source of light. TIk' grt‘en lim^ df 
mercury is tho most useful to (‘iiiploy, and 
should bo obtaimd fnvm a <iuartz are um<Ut 
specially for iuterforcn<'(^ work.* The <»tlier 
lines in the S])octnim are mii<‘h less intenw' 
than tbc green line, ami only slightly 

from the blacknos.sof the fringes. Hit* p(t«itic»ii« 
of which aro determined hy tin* gn‘<‘n line. 
The best typo of aperture to usi^ at A is n 
small iris diaphragm, wliieh enu In* adjusted 
to give tho host corn] )romiH(‘ h<‘tween bright ii<‘ss 
and distinctness. 

In employing Newton’s RiugH for iiiediiun 
and steep curves, tlie traveling iiiif-rtwopi^ 
ceases to be satisfactory on ju'cvuint of tlio 
smallness of tho radii of tlu*! rbigH. It is better 
in this case to uso an or<linary ntieroHcope with 
‘ Guild, Proc. Phi/s. xx.\ii. :tn. 
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a n^ioroiTicter scab in the piano o£ a 

Kaiuflclen oyepiceo, and to measure \ip the 
ring's on tluH scale. An ol^jcctivo should ho 
alujscn of such power as to give an image of 
the ring systoni of aiii table si'/e. With steex:> 
curv'os, the ohjective re{[nirca to ])o of too 
high a x^ower to allow tho interposition of the 
vortical ilhiininntor shown in Fig, 9, and an 
ordinary vertical illunnnatt)r above tho 
objective must bo ein])loye(l. The aimngc- 
inoiit cannot then be used for eonciivo surfaces. 
However, for nu^dium and stec]) curves the 
method is no more acc.iirate and is much more 
tedi<jiifl than several other methods which will 
now be doHcribed. 


§ (8) JMiOKOHoorK Mothods. — T he follow'ing 
methods rwiuire a g<uKl micro. 


seoy)e stand with m(‘chanical 
stjigo and a universal sub- 
stage with centring ncljust- 
menis. A vertical illuminator 
of the ordinary inclined cover 
glass type is nioutilcd above 
the ohjc'ctive- 

(i.) For Concave l^urjaces. 
— Th<^ lens is mouuii'd on a 
support, attached to the sub- 
stage fitting, which <m bo 
raised or bweri'd by tlieracik 
and pinion P, Fig^ 10 (u), 
and centred by the screws 
A picH^e <if thin trover glass 
on wdiich sonu' easily rectog- 
nisnblc markirigs have been 
semt(‘hod is f)lac<*d on tho 



stage, and the inieroHC(if)o 


is focniHsed on these, vert ical 
illurniniitioxi Ixdng supidiM 
by the lamp b. The sub- 
stage is then ra('h(‘d up or 
<lc)wn until tho itnngi* of tho 


cz’wibHis 


markings ft >rnu‘d by rciloetion 


at the concave surfaei* is also 


glass with a number of scratches cut on it is 
])lacod at 0, and its distance from the vertical 
illuminator is adjusted until an image of the 
scratches is seen simultaneously wdth the 
lycopodium. Under these circumstances light 
from tho scratches, after reflection at the 
vertical illuminator and passage through, the 
objective, converges towards the object point 
of the latter. The siib-shige is then racked 
upwards until an image of the scratches 
is again in focus. This happens when the 
rays converging from the objective meet 
the surface normally — that is, w’hen the 
object point of the microscope coincides 
with the centre of curvature of the sur- 
face. The microscope is now racked up- 



VlO, 10. 


in Hhiirp focus, liy nn‘auH of the hcix'W'hw^ 
the imago is <'(‘nf,ir<l udth rcHjx^ci lo the objecd-, 
wliiob is tluTi at llu' c<Mitroof curvaturtMd the 
HurfiK'c. 'riie <’ovor glass isnunovc'd and Ibe 
microscope racked down until.Monu' lycM»p(Mlium 
gniiiiH .sprinkled oti llu' .surface of tlu* Icim are 
in focus. Tlu‘ (lisfaiico lhi» nn<u’os<M)p<i luw 
been movc<l is tlic radiuHid <Mirvid ur(‘ r<*<juired. 
TIuMUolbod is accurulc to ulxjut iiiin. 

(ii.) For ('onvrr SurJarf\H. Korthis caHctbc! 
arrangi'tncnt is wunewhat more coniplicabal. 
Tiu^ mi<’r(»m'ope is initially racUe<l dovi'it ho 
that the tdgcotivr* is aland the level of tb(^ 
Htagf\ 'riie HuI>-stauo is adjustod until mmu*' 
lyeopiidium grainu tni tho H»trfju*e of the biiB 
are in focuH. '‘rhe surface mthon at the, objuet 
point ^ of the ruicroHcopt'. K pieecnf silverod 

‘ For coaviMilenn* of description we may ti««* thiH 
term lo dcimtc the point citnjii«alc to the eeutre 
of the tucal iilaiK'of tljecycplecc. 'I’o ll\ the ismllhtti 
of t hlM plane a nraticiile sliouhl lu* titUsl. 


wardH until tlu^ lyco])odium is again in focus, 
and t.lH‘ distance moved iw tho radius of tho 
surfac.(‘. 

This method is frwjiu'iil.ly (leHc.ribod in an 
iiuKsuirate maniK'r. By following the pro- 
ecdtire ouUimxl ab()V(% it will ho obHcrved that 
all adjuHtmontH involving the image of tho 
Hc.rnUilu^H ar<\ made with tho rnioroHonpo and 
t he (d)je(*,t 0 in n fixed redative position. This 
in <iloarly an <‘HHent,ial condition to accuracy, 
I'ho r(‘Hull.H urc^ ndiable to about 0-05 mm., as 
in the ease of the jmwiouH method; but the 
rnugo < >f curvaUir<^ for wdne^K it can bo used is 
limiU'd by the w'orking diKtance of the ohjootive 
whieh is available, lu the previous method the 
nmga was liniiit^d only by thc^ range of vertical 
t ravtu-Hc of tho niiero«ooi>e. 

(iii.) iVotjmJirnthn Net/wd for very large 
(Utrrnturcn, largo exirvatures such aa are 
nit*t witJi in Home of tho leniHoa of miorosoope 
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objectives, none of the methods so far men- 
tioned are satisfactory. The following method 
is at onoe extremely simple 
and extremely accurate ; and 
has the great advantage that 
the percentage accuracy is 
practically independent of 
the curvature. Suppose 
{Fig. 11) that we employ as 
object a suitable mark on 
the front leas of the object 
glass of the microscope, and 
so adjust a refl.ee ting surface 
H that an image of this 
object is seen in sharp focus 
in the focal plane of the eye- 
piece. It follows that the 
image I formed hy reflleotion 
in the surface is situated at 
the object point of the 
microscope and is therefore 
at a fixed distance from 
O, =k say, whatever the 
curvature of the surface may 
be. From the magnification 
of the image the curvature 
can be deduced. Let v, bo 
the distance from the sur- 
face to the object, v the distance from the 
surface to the image, and r the radius of the 
surface. Then Iju -h l/v = 2/r, q^uantities being 
regarded as positive when measured against 
the incident light. k=10 The 

magutfioation of the image at 1= 
say. Hence 



, Sv , 1 2-14 

l-9?l = — 1 — = — 

r m r 



1 2ik 
m — = — 
m T 

■ • (i.) 

or 

- 2inh 

• • (ii.) 


From (i.) we see that in general there are two 
distances of the mirror from the object which 
satisfy the condition of the experiment, 
namely the value of m which gives a magnifica- 
tion wi, and another value ii' for which the 
magnification is m'y where 7n'= — IJm. In the 
case of a convex surface one of these values 
is negative and so is experimentally in- 
admissihle. The other value is such that 
the magnification is -i- ve and numerically 
less than unity. 

For a concave surface, both values of u 
are positive. In one case u is less than r/2 
and the magnification is positive and greater 
than unity. In the other case u is greater 
than r, and the magnification is -ve and 
uumerioally less than unity. 

This method can be employed over a large 
range of ourvatiure ; but the best experimental 
conditions differ for different ranges. 


For very shoit radii the arrang<‘n)t‘iit of 
Fi(j. \2 is (lorivoniont.. The niioroscopo is 
fitted with a vertical illuininalor, pr(‘f<‘ral>ly 
of the type shown, in whkdi the rcfloetiiig 
cover-slip is just under the tyo piece. ' Liglit. 
is supplied hy a small 4- volt laini), atiaeh<ul 
for convenience to tho luicpoHcoi^e. The 
illuminated aperture of tho lens itself sc'rves 
as the object. Tho curve C to Ix^ nimsiiN^d 
is placed centrally on tho stages aiul, on 
racking the microscope up or down, a circular 
disc will bo scon which is tho image hy rclhxj- 
tion in C of tho aperture of the ol)jcw.tivo. 
This is sharply fociisst'd and its (lianador 
measured on a mioronu'tcT s<uile in the f<K*aI 
piano of tho eyepiooo. Tho a.cftiinl (lirnenKiorm 
depend of coumo on tho magnification of tho 
mierosoopo as well as tho 
magnification m of tho 
reflected image. Howev(‘!r, 
for a given objcc‘.tivo an<l 
tube length, tho ineasurt^d 
diameter is proportional to 
tho magnification 7n. 'Fhc 
instrument is calibrated by 
measurements on a series 
of the stool spheres sold aw 
ball-boarings. flTiesc (*an 
be obtained of cliameiem 
ranging from of lui inch 
to 3 inches by small atc'ps. 

The sizes uj) to about an 
inch make excellent optic, ^al 
standards, and a complete 
set should bo availabhs in 
any laboratory. They ((tin 
bo measured with a initu’o- Fio. ii5. 
meter gauge ; but it will 
bo found that they arc invariiil»ly ho iilose 
to their nominal values that for opti<*al 
purposes those values can bt^ bi.k('n as mih* 
stantially correct. 

Tho accuracy with which the <Iiuni('ter i»f 
tho luminous disc can he iiKuiHun'd 
of course on its size. An ohjeclivo slimild 
be employed which givcH nti image «»f at 
least 4 nun. on the eyophwe Hcalo. 'riie nizti 
of tho image clepeiKis not- only tin* power 
of the objective but also ou its working 
distance and the linenr <liinoiiHionH f>f the 
aperture. However, it is oasy to thnl a Hcrics 
of throe or four ohjoctivcrt whi<‘h ht‘tw(*cn 
them will cover the range from tin* HrnalUwt 
radii encountered in micros *<► pc** work up to 
radii of about 1(> mm. If, hy incaiiH of the 
steel balls, cali>)rutit>n cnrv(*H an* tlrnvvn for 
each objective for tho range* in whi<*h it in to 
bo used, they will he founcl to h(* j)rn(di<‘ally 
straight linos within the accurn(*y of 4 »bH<‘rva- 
tion. This follows at onc(^ from the r<*latioti 
r=-2mA/l-m* when m ih v<'ry nmnll, as is 
the case with suifaccH of niich short I’adii, 
Thus the scale reading is pniportioiuil to the 
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radius. By a single reading the radius of any 
sui'facc can bo obtained from the calibration 
curve. It is safer, however, to make check 
measurements on one or two of tlie spheres 
each time tlio apparatus is reassembled, to 
ensure that the constant of the instrument 
has not been altered. 

It is evident that the calibration curve 
obtained with the si)hores mil do equally 
well for the measurements of concave curves, 
tlio real imago formed being of the same 
magnilication as the imago obtained with a 
convex curve of the same radius. 

It will bo ob.sorved that if suitable objectives 
arc employed, the diameter of the disc to be 
measimHl is of the same order of magnitude 
(40 to 100 scale divisions), however small the 
radii tested may bo. Since it is easy to read 
to "1 scale division (with a good (piality micro- 
meter scale), the average sensitivity of the 
method is about I ])art in 700. Further, the 
method is virtually one of sulistitution, and 
all aberrational elTects of the observing micro- 
scf)po are eliminated. 

Thus there is no source of (Tror other than 
tlio ao<iidental errors of measurement, and the 
acourac^y is eipial to the sensitivity. 

In pra(d-i(‘e th<^ (l(‘linition is improved by 
using a light green iilter to cut out the 
e.xtremities (»f the spectrum, as, if white light 
is used, (hrornatic aberration tends to siioil 
the sharfmess of the image. 

(iv.) ^f(^|nlfiv(liU)r^ Method for Medium 
Ourmture^. -^li is not convenient to use the 
nu'thoil in the form deacribod above for 
radii mucli over 1 cm., because the disc 
becomes too large t(t bo eemtained in the 

ii(4d of view even with the lowest power 
objective's. 

For larger radii it is bettor to use as object 
a scale, similar to that <‘mj)loycd in the 

eyepiece, atta<hc‘d to the front of the objec'tive 
with soft wax or plastii'iMie. An image of this 
s<'ale is seen wh(*n the obji'ct is at the correet 
diHtanc(‘ from the surfa.<‘<‘. By measuring 
th(‘ dinuaisiouH of a Huilal>lt‘ numlxu’ of 
graduations, the magnification can b(* ohtain<*d 
from a knowh'dge of tlu' naignilicatioii of the 
mi<ToH<iopo. \Vc may, if wc. <’hoos<', deti'rmine 
k\ and cah'ulatc the radius <lirectly from 
formula (ii.) alM»v('. 7’o iiu'asun* k a flat 

Hurfata*, pn‘fcral>ly silvcrcal, is Iui<l on the 

stage and th<' microsiaqx* bsMissed on some 
HcrnfchcH (Ui tlu' silver. On racking <iown- 
wunls, an image of the scale comes into focus. 
'Phe distama' whhdi the niieroscopc has been 
movial is ekairly \k\ 

Ah in the (aiw* of v('ry small radii, ht»wever, 
if is Is't ter to calihrat<' the instrurntmt I'nqilrie- 
ally. Onfortimately, ther<' are no <‘adly avail- 
aI4c standards sneh as the, bull - iH^aritigs 
employed in tin* fornuT ease; but pt)int8 on 
tlu‘ curve can 1»<* obtain<*d frinn measureinentH 


on lens surfaces w'hich have been deteimined 
accurately with a sphorometer. If sufficient 
of such standards are available to determine 
the calibration curve accurately, an unlcnown 
radius can be obtained directly from the 
curve ; but it is usually better to measure 
w. for the suiface in question and also the 
corresponding value for the nearest standard, 
and deduce the unknown radius from the 
formula 

In the case of concave curves, if the radius 
docs not exceed two or three centimetres, it 
is easy to obtain the iml and diminished 
image, and in this case the convex standards 
apply to concave curves as well. With 
shallower curves, however, the real image is ' 
too far fr('m the lens to be within the range 
of voitical traverse of ordinary microscopes ; 
and it is necessary to work with the virtual 
imago, for which, as we saw earlier, m is greater 
than unity. A separate sot of concave 
standards is necessary for those. Unfortun- 
ately, as the magnification increases the 
image of the scale becomes very faint, and the 
measurement is somewhat difficult with 
magnilications greater than unity. The range 
of curvature for which the diminished real 
imago can bo utilised may be increased by 
mounting the lens on the sub - stage or 
oven on a separate support below the 
microscope. 

Except with comparatively small radii the 
4- volt lamp L (hHg. 12) will not give a 
sufficiently briglit field. It is bettor to 
employ a 100 o.p. “ Poiutolito ” lamp, or 
any similarly intonso source, behind a ground- 
ghws screen situated about 30 cm. from 
the microscope and on a level with the 
ajierturo of the illuminator. Except for 
tile ground glass tlu^ lamp should bo entirely 
erK^osed. 

'The scale t‘m])loy(‘(l as ohjocit should not 
be too tine. A IJ-inch objeetivo with a 
working distaiu^e of about an inch will give 
satisfactory results ov('r most of the range 
f«>r which th(‘ nu'thod is a[)i)licable. 

an^ Ji varit'ty of otht'r magnification 
nielhods ; Imt they involve the measunmient 
of two magnifications and are inferior in 
(Muivenicnce an<I accuracy to that just 
df'seribed. 

§ (9) OutKCT L(MiATroN OF (boNTHK.— For 
concave curves of radii above 20 <nn. this 
met-Inxi may be emf>loye<l provided the ratio 
of the diamct(‘r of th(^ surbice to the radius 
of curvatun^ is not to«> smalb The principle 
of th(' rnetliod is that if an object and its 
image by retk'etion in tlie surface are co- 
! ineidemt, or in close juxiaposiHon in a iilano 
i p('rpeii<li(jular to the axis of the surface, 
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they arc located at the ccatro of curratiiro. 
The method as usually dosoribcd, in which, 
the imago ia formed on a curd, is not, how- 
ever, very senaitive ; and if tlio best possible 
accuracy is required in the result the following 
arrangement will bo found much better. A 
laicroscopo slij) is silvered or platinised on one 
side, and a network of very fine scratchos is 
made with a sharp noodle. The slip is mounted 
on the stage of a microscope which is turned 
back so that the inicroscoj)G tube is horizontal. 
The scratches are illuminated by moans of a 
small prism P, JFig, (a>), and a “ poihtoUte ” 
lamp 8. The concave suidaco M is arranged 
so that an image is formed on the slip a little 



Wi 


microscope more (tiiticully ihnu almost any 
other ty|W of object, and the dcpUi of foeuH is 
reduced to a inmimum. d'lie iwciinicy <U‘|K'n<ia 
on the ratio of diameter to i‘a.<liuH of eiirvahir(\ 
It is about 0*1 niilli metre for a rat io of I : -d. 

The direct loontion of the eentTc^ is un- 
fortunately iinptwsible with <'ouv<‘X surfacoK. 
The method in which an auxiliary I(‘ns is 
used to produce a (univergc^nt beuiu, \\‘lu(‘h 
meets the convex Burfarc^ normally and is 
reflected back throti/^rli tdu* h^ns and focuHHf'd 
in the vicinity af the olqooti, in vahioh^Hs for 
work of any nc<!iiraey on account of th<' 
aberrations of tbe Ions. 

§(10) FouciVULT’s Shadow Mktijod. — ^' riixs 


M 



^ 13 . 


to the side of the illuminating prism P. In 
this region the j)lating Bh<3uld bo almost all 
scraped off, a few strealcs being left on which 
to focus the mioroscopo. When the adjust- 
ment is correct, those streaks and the redocted 
imago of the illuminated scratches will bo 
siraultanoously in focus. The plated side of 
the slip should he towards the mirror, and the 
distance between them can bo measured in 
any convenient mannoT. It is advantageous 
in j^ractioe not to attempt precise adjustment 
of the mirror, but to get it a])proximatoly 
correct and measure the error ])y racking 
the microscope so that first the surface of 
the slip is in focus and then the reflected 
image. Half the distance between tlie two 
positions is the ooircotion to be applied to 
the distance from slip to mirror. The edges 
of a silvered film can be focussed up with a 


is another uBcful nioih<Kl f(>r {*onenvo <*urv(*H. 
It forms at the' Hamo Unu' a H«‘nHi<ivo (ont <if 
the H])hcrioiiy of th(‘ Hurfaeo. A onitvonhuii 
arrangement is Hiinwn in Fig, l.’t (/>). I* is a 
small primn with ch'iin shurp o<hr<*H. <hio 
of the square fnecH is ooviU'i^d with titifnil 
in which a. lin«^ ht>lu ba.s Ihmui j»t(‘rfi‘d with ri 
noodle cIoho ii|> to oiu» of the -tb nijulus. 
Fig, 13 (r). TIuh priKiii is imuiniod on a 
platform oapabU' of fine utljuslmoul in two 
diroctions. A good moclumioul hIouio td ii 
inioroHC()j)e will do. ^Plu* pinhole is illtimiiuited 
by focuHHing on it u very bright soiirei*. (\g, 
a “ poinbjlik^ ” hiiup. A beam nf light 
spreads out from the pinhole, and tlu’ tnimir 
AB is iduced so that an image of tb(‘ piuholn 
is formed just a little to th<*Mide of the priam- 
Tho eye is jdaeed just behind the piisiu ul K 
so as to receive the rellect(‘<l light. Hincn 
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tliiH coiiioa from all parts of the surface th© 
Uittor ap])ears uniformly hriglit all ©ver. 
If, now, the prism is moFod laterally, so os 
to hr’hig the pinhole closer to the axis of the 
mirr( )r, a point is roachod at wliioli the edge 
of the pi'ism cuts into the reflected beam and 
shuts off some of tlie light reaching the eye. 
Assume first that the surface is truly s]>lieiioal 
so that all rays correspoiKling to one point 
of the object conForgo to one jxunb in the 
image. If P is exactly at the centre of 
curvature it will cut the )>oaiii exactly at the 
image, and the surface will darken uniformly 
all over. If P is inside the h^cus the rays fronr 
A art' intercepted before those from B and a 
shadow eonrow over the Hurfaco from A to B- 
If P is oiitNido the focus the Hha<U)\F starts from 
H. ''rho stage is moved longitudinally until 
the lat{U‘al movement i>rt>duceB a darlcciiing 
of the whole suifaco aiinultancously. Tho 
distanc‘.o from the ])iuhole to thc^ surface in 
then the radius of curvature. Ah a tewt of 
the Hiirface this method is valuable. If there 
are any parts of it from wliic-h rays do not 
convei'g(‘ to the same point m from others, 
the Murf;i(*c will not darken uniformly in any 
poHitiou of P. If, for instanco, thcj foeuH for 
the ]K‘ri|)horal zone is fairtber out than for tho 
central xonc, and I’ is at the focus of tlu’i latter, 
the central zone will <larken uniformly, hut 
the rayH from A will ho cnit off, while those 
from ,B will not. A orosumni-Hbapecl region 
iionr A will the^redoK*! remain !)right after 
tlu" nunaindor of the surface is ohsciircd. If 
P is at the focus of tho marginal rays the 
regions near A an<l B will darken simul- 
taruMiusly ; hut rays from tlic side of tho 
central zone ucarc^st A will pans the edge 
of tho prism and this n'gion will ai>poar 
Plight. 

i’he efftuit of loeid irn\gularitieR is to give n 
patdiy uiipearanm to tiio li<i<l. The c'xaet 
path of the* rays from difh^rent jjart H of the 
snrfiu-e can Ix' determlric<l, for the place 
wlnu’c ih<i rays from any i.wo purls, say the 
(Till rc aiidfuiy other n^gion, int(M’K<M*t tho same 
v(M‘l icol I dll IK ‘ paridh'l to t axis iH f<uiud by 
ndjiistiiig 1* till tli<' two parts In (pic-stiou 
durlscii HinniltaneonHly. I$y nmking obs<‘rva- 
tJons willi AB in aziimil hs dilhu’ing; iiy DO" 
(he paths of tho niys riuiy ht^ oinnphidy 
detiM-miiuMi. 

§ <1 1) ScMMAiiY. ThiMnoiliods of curvature 
measiiivmont descrilicd in tlu' prmuliiig 
stwlhuiH providi' coinplct*' e«itiipineiit. for 
<‘urvatur(‘H of all poKsibhunagiuhidcH- Where 
to Icnvo edf one method and ut ntiothcT 
dt^piuulH largely on dt<* prodileetioiiH of Ihi^ 
ol)H('rv(‘r, as lludr raMg<'s *'f nliiity ovtThip. 
Ast iKdnteniion was to giv<* only those nirdhods 
which ar<' of giuicral aiiplieidion, di *Heri ption 
has had to h(‘ omittcsl of various tisrfid 
met hods, Huitiihlf for wi»rkH ptne lice, win* rc 


the possession of both tho cc^nvex and concave 
ciiiFes of any radius is assuined.^ j, q. 


SPIRIT-LWELS 


g (1) G ENERAL. — Spirit - levels arc used to 
(Ictermino the direction of the horizontal, or 
wortical, at any ^loint, and somotimos to 
inoasuro sniall angles from tho horizontal- 
Tho usual form consists of a glass tub© shaped 
BO that tho longitudinal section of its upipor 
internal suirfaeo is tho uro of a circle. The 
tube is nearly lillcd with liquid, so that a 
bubble of vapour is left. Tho bubble rises 
to tho highest jiorbioii of tho tube, and when 
at roHt tho lino joining th<^ two ends is hori- 
zontal. U’lio tube is generally graduated on 
ilH upper surface. Tho graduations are gener- 
ally single or double inilliinotres, 'iVtlifl or 
o'oths ill., or ill older instrumentB Paris linos 
(2*215 inni.), and may bo continuous or have 
the cont.ro niar*ks omitted. ITio lino joining 
tho ondw of th© bubble, whoa those cnclts arc 
equidistant from tho centre of the tube as 
Bhown by tho g;niduatioiiH, may bo calloil the 
axis of tho bubble. The glass tub© is generally 
fixed in a inotitl tube, c\it away to onablo tlio 
bill) bio to bo soon, and thiB tube is again 
adjuHtably fixed to some mount. For rough 
work it is siilticiont to fix tho bubble tube 
fiothat tho instrumonb to which it is attached 
is level when the buhblo iw in the centre of its 
run, njid trust to the acljustinoiit roimining 
oonwtant. The bubble is in iidjuBtmont when 
it'H axis is ]>aralUd to tlu^ base of its mount, or 
to tho Hurfaoo which it is flcsire<l to lovol. 
A tubular bubble will obviounly only indicate 
tho horizontal in tho dlrtMition of itH length, 
iwid if a Hurfnoo lutH to bo lovcdlod two bubble 
t.uboH are rcxniired at right angles U) oiuch other. 
§ (2) CiiKiimAii 'BimuMis.- Kor rough work 
driuilnr hubhlo is often couveiiiont. In this 
tho iJi>por Hurfaoo of tlio vesnol containing 
tlm Ii<ptidiH nportioiioF a spluu’o, and dislevol- 
nicnt. in any dirotd.ion is shown by the one 
bubble. K/V/. 1 rIkwh two forms of circular 



B 

Kio. 1 . 


bubbloM. A has tho vc'HHcI containing tho 
liquid fnrintxl of it eoiupUdcly soulod-uj) glass 
vcHH(‘l, B luiHunly tlio lop of giiiKM ; it is more 
cotiipaoi ibuii A, iuit it is dinicuU to ensure 
that- there si mil be* no slow leakage. 

§ {;i) 'Ir iuii.au Btimti.K.H...*- Where tho hori- 
/.oiilal is rcfpiireil with an error of less than 
a iinmato or HO of arc, tithular bubbles arc 


I ‘ Bih‘, »’nr iiiKtuiKu*, rt. I). CludincrH, STran^, 03pt. 
I ,sv., iiur» I a, xvi, i<u>, 
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almost al-ways used, and they must be made so 
that they can be reversed end for end in order 
to check the adjrostment. 

For levelling a plane surface the under 
surface of the level mount is also a plane 
surface. If this now rest on a flat surface, 
which is tilted as necessary till the bubble lies 
in the centre of its run, the surface is level 
in the direction of the length of the bubble 
tube, provided the bubble is in adjustment. 
The adjustment is checked by reversing the 
bubble tube end for end. If the bubble still 
lies in the centre of its run the adjustment is 
correct. If it has moved it is brought back 
half-v^ay by tilting the surface and the rest 
of the way hy the adjusting screws on tho 
bubble mount. The whole is then checked 
by reversal. It is not necessary for the 
bubble to be in adjustment; if the bubble 
remain in the same position in the tube after 



reversal, the surface is level. A consideration 
of Jig. 2 will make this clear. 

§ (4) SrniDiNG Level. — Tor levelling the 
axis of. a cylinder, such as the telescope of a 
oollunator or the horizontal axis of a transit, 
the level is mounted as shown at Q in 
Fig. 3. This is known as a striding level. 

§ (5) Use of Level fob making a Ybetioal 
Axis Vertioal. — In order to make tho 
vertical axis of rotation of any instrument 
{e.g. a theodolite) truly vertical, a bubble tube 
is fixed to the rotating portion of the instru- 
ment at right angles to the axis. If the hubhlc 
axis is truly at right angles to the vertical 
axis it is only necessary to set the bubble by 
means of the instrument levelling screws, .in 
two positions at right angles to each other. 
In practice the instrument is rotated till the 
bubble tube is parallel to two of the levelling 
screws of the instrument, and by their means 
the hubhle is set, i.e. brought to the centre 
of its run. The instrument is then rotated 
through 180°. If the bubble remain set the 
bubble is in adjustment ; if not, the hubhle is 
brought back half-way to its original position 
by means of the levelling screws, the instru- 
ment is again rotated through 180*^ into its 
origmal position, when the bubble should 
retain the mean position at which it was last 
set. The instrument is then rotated through 


90° and the bubble sot to the moan position 
as found above by means of th(‘ third levi^lUng 
screw. The bubble should now take wp the 
same position however tho iiiHtrumc'nt is 
rotated, and if tliis is so tho vortical axis is 
vertical. It is usually nocoHsary t<> rept'at 
the reversals several times hofori^ this condition 
is obtained. If tho moan position, of the 
bubble is not tbo oontro of tho tube tho 
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bubble can he brought into ad jiist merit hy 
moans of the bubble -adjusl irig hctcwh, but 
unless it is badly out of adjustment tliis is nnt 
worth while. 

§ ((>) Thk HknhitiviJnuss of a hi'nnr.r;, if , 
the amount tho bubble will move when tlio 
tube is tilted through n sriinll angle, varirK 
directly as the radius of curvatnn* of tht* tube, 
and is generally incamirrsl hy uiiuU* nf tilt 
necessary to move tho huiihle through iinc 
division of tho tube. 

§ (7) Tiim AcirnrHA<!Y oka IhimtLK dop(Mid« 
on otlior factors as vvoll ns on its «onHitiv<*iioH8, 
notably on tho kuigth of tho hubhUi ilsolf, 
and tho method of illiuaination mu I viewing 
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adopted, and also of ooiirao on the accuracy 
of tlie figuring of the surface of the tube. 
When the tube is tilted and the ends of the 
bubble coasc to bo at the same level, a force 
duo to this diffcronce of level tends to move the 
liquid This force is proportional to the 
specifio grarity of the liquid and to the 
difference in level of the ends of the bubble. 
The difference of level or “ head ” is I sin a, 
where I is the length of the hubhlo and a the 
angle of tilt. This force therefore varies as 
the length of the bubble, and is independent 
of the curvature. Tliis force has to overcome 
til© inertia of the liquid and the frictional 
forces. The more sensitive the bubble the 
greater the worh that has to bo don© to move 
tho liquid to its now position; hence the 
slower tho movement. 

Tho accuracy required in forming tho surface 
of a sensitive bubble tube is very great. The 
following example gives some idea of tho 
accura<‘.y necessary, t^upposo the tool used in 
forming tho surface vibratos in such a manner 
as to Hn])erimx)()so a sine curve on tho thoo- 
rotioal circle, and that tho equation of this 
curve is y -k 8in(2Tr/^), where y is the linear 
dopaituro from tho true curve at any point 
whoso (listamio along tho curve is x, k is the 
maximum value of y, and p tho period of tho 
sine curve. Eor a displaoomont dx of tho 
bubble tho change of level of one end of tho 
bubble iH{l(lxl2li) + (yi -^ 2 ) o<>s f) whore Z is 
tho length of the bubble, H tho radius of 
curvature, and 6 tho angle between tho radius 
at til© cud of tho bubble and the vortical. 
Thus 0 ‘'l/2\if and cos 6 may bo considered as 
unity. If k and A' are tho changos in level at 
tho two ends tho corresponding angular tilt is 
(A -H h')ll ■= a, whonoo 


4A . rl , irdx . 7r(2x'\‘ l-^dx) , dx 
= , sm sm Hin 
I p p p Iv 


Tlio first term n^proBonts tho error in sonsi* 
tivenoHH at the i)oirit oonsidorod. This show's 
iliut in gtMicrnl thci cuTor is roduciwl with in- 
criMiHO in /, but tli(^ term Bimrl/p will vnry 
from 1 to 0 jvH I viiricH. Applying this to a 
hubhlo with a luoaii HiMiHitivcnowH of Kh.T per 
millimetre (R 20 inc'troH) iiiicl un irregularity 
reproHcntcMl by A -OOOn uini., p • 10 miu., 
length of })ul>l)ln Rf) mm., it is Boon that tho 
tilt nctH'BHaiy to move tho bubble 1 mm. 
varh'H from If tho length of tho 

hubbU^ be inorojisod to 40 mm, the error 
vanishoa If K 100 mobros (HenHitivonoss 
about a* per nun.) an<l tho hmgtb of the 
hubblij 05 rnrn., tho tilt to move tho bubble 
1 mm. variett from O-f)^ to .l-tr, it will ho 
cliflicult to Hc^fc tli(^ Imbhle, and no accuracy 
can 1)0 i)l)t.aino(l in rcadinjg small nngloH of 
diHh'VC'liiKMit. Tho above shows that tho itiho 
must 1 h^ v(My uccmrahdy Hhnped, oHpeoially if 


angles of dialevolment are to bo read ; it also 
shows that it is useless to atteinpjt to calibrate 
a bubble tube, as the errors depend on tho 
length of tho bubble itself, and this is con- 
tinually varying with changes in temperature. 

§ (8) EfFTJCT op TEMPEEiL'TURE CllAN-aES. — 
If the temperature of the tube i-ises the liquid 
will ex;[>and and tho bubble itself will contract. 
If the bubble become unduly short the level 
becomes unsatisfactory. To obviate this, sen- 
sitive bubble tubes are often made with a 
chamber as shown in 4, so that tho length 


FlU. 4. 

of tho bubble can he adjusted by allowing 
more or less of tho air to bo caught in tho 
chamber. If tho tube be unevenly boated it 
will boconio dirttorbod, and the same will 
hai)pen if the tube bo mountod in a motal 
mount so that it is strained by unequal ex- 
pansion of tho glass and motal. If tho liqtiid 
bo unevenly heated tho warmer portion will 
have its density reduced and will take up 
more room and so cause the bubble to move 
irrospootive of tilt. A still more important 
effect of unequal tomporaturo is i)robal5ly that 
duo to tho alteration of tho surface tension of 
tho liquid with change of tomporaturo. In 
general the surface tension is reduced by 
incroaso of tomporaturo, consequently tho 
stronger surfaoo tension at tho cooler end of 
tho bubble will cause tho air bubble to move 
towards tho warm end. It is thoreforo im- 
portant that sousitivo bubbles should bo care- 
fully ahioldcd from becoming unevenly heated, 
and it is advisable to enclose the bubble tubo 
and its mount in an outer glass tube. 

§ (9) M.c)ujntin« Tim Bubhle X’uujfl.— Tho 
bubble tubo is UBually lixed in its motal mount 
by moans of plaster of Pains, but thin is not 
suitable f< )i* sensiti vo bub bios. A.nc)thor inothi )d 
is for tho tube to rest on two Y-sliapod supports, 
and }>o held in place by springs ; the Y’s and 
springs may be lined with cuirk. Another 
method is to fix a rnottil mip on each end of 
the tube with wax. The (saps are split and ono 
portiiMi turned uj) slightly to form a spring, 
Thoesaps am then soourodin tho motal mount 
by m<uinH of three screws each, one of whicli 
presBCDS against tho sprung portion of tho cap. 
Thomota.1 tu))e must also bo mounted ho that 
it can be adjusted without it being strained. 
Ono end must bo capable of a small turning 
movomimt, while the other is lixocl by two or 
four antage iniHing siirewB, or by a screw working 
a^j;ainttt a Hpriug. 

§(I0) Muthoi) or Vi kwi no Tuiii Bubble.— 
The acou racy of Hotting or reading the bubble 
desponds not only on tho sonsitivonoss and 
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diConracy of the tube itself, but also on the 
method of viewing and illuminating the bubble. 
In the usual method of mounting the bubble 
is both lit and viewed from the top. In this 
case the appearance of the bubble ends varies 
with the direction from which the light falls, 
and there is also a parallax effect depending 
on the thickness of the glass — this being 
specially noticeable with a long bubble. The 
best method of illuminating the bubble appears 
to be by transmitted light, the mounting tube 
being out away below as well as above, and 
a suitable reflector provided beneath it. If 
the bubble be mounted in this way the edges 
and ends of the bubble are better defined if 
the sides of the bubble tube are blackened. 
In many instruments, e.g. engineers’ levels and 
theodolites, the bubble is so mounted that it 
cannot be viewed by the observer from his 
■position at the end of the telescope; he has to 
move round the instrument to see the bubble, 
and by this movement he may tilt the whole 
instrument unless it stand on an exceptionally 
filrm base. This effect can be largely over- 
come by viewing the bubble in a mirror, but. 
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unless the mirror is at the correct inclination 
— and this varies according to the position of 
the eye, — parallax is not avoided, and the 
divisions of the scale at the two ends of the 
bubble being at dilferent distances from the 
eye, they appear of different sizes. Both, these 
effects are liable to introduce errors, A com- 
bination of reflieoting prisms such as that shown 
in Fig. 6 avoids these errors, and also enables 
the ends of a long bubble to be viewed close 
together. The method of viewing the bubble 
shown in Fig. 6 (introduced by Messrs. Zeiss) 
entirely eliminates parallax, and enables the 
bubble to be set with very groat accuracy. 
If the line cub of the prism is vertically over 
the centre line of the bubble, one half only 
of each end of the bubble is seen; and ii 
the ends of the bubble are equidistant from e, 
the appearance is as shown in Fig. 6 (a). As 
the babble moves to the right the two ends 
appear to move in opposite <hrections, and the 
appearance is as in lig. 6 (6). The bubble is 
set by bringing the two ends into coincidence 
as shown in lig. 6 (a). This arrangement more 
than, doubles the accuracy of setting, as the 


separation of the two ends as seen iu the 
prism is double the actual movement of the 
bubble, and it is much easier to bring the two 
ends into coincidence than to judge when the 
bubble is lying evenly between the marks on 
the tube. Another advantage of tins arrange- 
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ment is that the bubble can ho very easily 
adjusted, tho final adjustinont being made by 
shifting the prisin box along tho tube instead 
of tilting tho tube itsolf ; tlus is a far coarser 
and easier mechanical adjimtiiient for a given 
angular adjustment.’' This arrangcmient is 
probably tho best bo far dovisod for setting tho 
bubble, but iH not BO suitable for use where it 
is required to read Binall angloB of clislovolnumt. 
An attempt has boon n\a(lo to get the same 
facility of adjustment by marking tho gradua- 
tions on an outer glass tube iiiHtead of (m tho 
bubble tube itself ; this inothod, howorer, in- 
creases parallax oiTors. 

§ (11) Testinu Burble Titbes. — Tho 
“ bubble tryor ” shown in Fig. 7 iw used for 
testing the sonsitivonoHH and ae.curaty of 
bubble tubes. Tho bul)bloi tube to l)C tested is 
placed on tho Y’h, tho instnunont is bvollod 
laterally by the sup])orting ho rows on the 
right. The bar supporting the Y’s can bo 
tilted hy moans of tho mic.rometer shown at 
the left. Tho dimensions of the instrument are 
calculated st) that one revolution of tho screw 
tilts the bubble by a definite number of soconds. 
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Eor sensitive bubbles a double lover arrange- 
ment can bo use<l. By this nieanH the angle 
necessary to move tho bubble through any of 
the divisions of tho scale can 1)0 found, lumee 

^ Via. IR of article “ Surviiyiiin: and Survey 
InstrumGiits " shews an Instruiucnt with this 
anangcinout. 
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the inctin angular value of a division and tlie 
constancy of tliis value. It will be seen from 
what has hcen said above that it is not possible 
to calibrate a bubble tube, as with, an in- 
accurate tube the sensitiveness will vary with 
the length of the bubble itself. ' 

llBFiilRENOE. — Tmtifi. Optiml Sne. vol. xk. p. 45. 

E- 0. H. 

Spu/VYiNTd as an alternative method to immer- 
sion for the application of silvering solutions ; 
an economical process, used for soai*cli- light 
mirrors. See “Silvered Mirroi'S and Silver- 
ing,” § (2) (hi.). 

Stadia Suevryinq Work, H])o<ual inatni- 
monts for. See “ Surveying and Surveying 
liiHtrumonts/’ §(21) (v.). 

IStadia Ruevbys, HuhtfOiiHe methods. Sco 
“ ^Surveying and Miirvcying bistrunients,''’ 
§(22). 

Stadia vSuitvnYs, '’r.AcirKoiviUTRif! or, goueral 
iiuddiods. Sec “ Surveying and Surveying 
luHtruinontH,'’ §§ (D) (v.), (20), 

Standaki) Wavk- nuNcrPHs, rlefinition of a 
Hystciu of staix(lar<l vjivct - lengths. See 
“ Wave - lengths, The JMeiwuromoiit of,’* 
§(^)- 

l)iH<ui.Msion as to their values. Boo ibid. 

§(H 

Standakph, Optioal, liniitH of ornir perrniK- 
siblo in the ruanufacture of Hpo(?ta(ilo lensoH. 

TIr^ ToHliiig of Jijirnyilo/’S (4). 

Btandaiids of IjKDIt. Me<^ “1 Photometry and 
Illumination,” § (4) f't 

Btark blKFPX’T: an offend-, <liH(‘ovnr<Ml hyBturk 
in !1>U1, in which coii-aiu Sj astral litu-s 
wlnsi omittcMl in strong clcadric fields 
nn^ rosolv(‘<l into eompouentH v'hich are 
polarised in (lilTer(nib planen. Th<o'< -solution 
is not the same for lincH of the same 
wu'icH, but t.he polariKution and numb(-r 
<»f tlus components ih^pend (»n th<' direction, 
with r(‘Hp(‘eb tlu'i liidd, in whieli the 
ohw'rvatioiiH are made. See “ S|M-ctrt>- 
Hcopy, Modern, ” § (l>). 

St*ahm.nj<j •Tmomrson IMiotom HT ioit. fit-e 
“ hliotonad-ry and llluiiiinat ioiu" § (il7). 
Station foiNTWii, its use for llxing jioHitiou 
of sliipH. iSce “ Navigation and Njudgaiioiiul 
IriHtrumentH,” §§(14) (i.), (17)(i.). 
Strfan-Bot.tzmann IjAW, Bee “K-adiatbn 
Theory,’* § (5). 

STRKKoHooriodKATrornt^i ; a <lovxce(Mnpioye(l 
in some stereoHOoine range-findoi's to give a 
disliincc scale in the of vit‘\v. Sim’i 
“ Uange-finder, Bhort-bnse,” §(l.'i)- 
Sthhko.s(N)PT<! Kanoh-fin dkii. Bee “Ranges 
liuder, Short-base,” (t?) and (7). 


Stimultis: a term used in connection with 
tensory phenomena to denote the external 
physical cause os distinct from the sons.aticm 
perceived. 

“ Stones,” a defect in glass. Boo “ (ilass,” 

§ (hi) (i.). 

Stops, JVlBASUKKiiKNr of IStfrotive Aphr- 
TUUG OF. See “ Camera Loiiscb, Testing of,” 
§(«). 

Strain in Trahstarent Mateiuals, detec- 
tion of, by ]'K)lnriHed light. See “ Polarised 
Light and its A])plicati()nH,” § (19). See 
also “ Glass,” § (10) (iv.). 

Production c)f,iu glaH.y. Hec ibid. (19) (i.). 

“ Stria J3,” a Defect in Glass : veins of glass 
of a different refrac^tive index from tlia-t of 
the rest of the glass; known also as “ cords.” 
Soo“ Glass,” §(J(i) (ii.). 

StRTNII, (UlOUIATION of FRUQinSNIilRS OF 
FiiiRATioN OF. See “Sound,” § (52) (i.) ; 
also Strings, Fibraiions of.” 


SmiNGvS, VIPRATrONS OP 

To investigate the transverse vibrations of 
a tense string or wire wo take tho axis of x 
along llio undistui'bcd ]V)aition and denote by 
y the transverse displaoement at time t of 
that point whose equilibrium oo-ordinato is 
X. If 1\ Ix^ tli<^ atiTtching force the iriuiBVorso 
f(.>rces on tho ends of an i-Iemont 6x are 

-T\sin au<l T, sill sin \t), (1) 

whore i/' is the budination of tho curve to tho 
n.xiH of X. lienee if p bo the lino density, wo 
have 

l,dx!J -/■). . . (2) 

Tliiw equation is utT.iiralo, but if ^ is ovory- 
Avh(-re Huiall we may neglect, the changes of 
teuHion, nn<l fnri-ht-r write sin ^ tan ^ - Oy/r 'a; 
with Hiillicient ajjproxiinatiou. 'Thus 


whore ■ • • • (4) 

riic simplest, and uatura-lly the most 
important, (•aH<^ is wlu-re flic string is iniiform, 
and c accordingly a constant, 'riie general 
sclnt.ion of (tl) is then 

ijr-.J{rt^r) -{'Vicli z), - . (5) 

Tt is 'easily verifle<l, in fact, that- this aatisfios 
(II), and tile arbiirary futudiotm/ and K enable 
iiH to satisfy prescrihrxl initial and terminal 
tMin<lUionH. For instance, in the enso of an 

3 IT 
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imlimited string started from rest in the form 
y=i(f>[x) the solution is evidently 

y = i{(l>{x-ct) + (f>{x+-ct)\,. . (6) 

sinoe this makes 

y=m -^=0. . . (7) 

when ^=0, 

If t be increased by any arbitrary amount 
T, and X by cr, the value of the first term 
in (*5) is unaltered. Henoe this term, taken 
alone, would represent a wave-form travelling 
unchanged in the direction of aj-positive with 
the constant velocity c. Similarly, the second 
term in (5) represents a wave travelling with 
velocity c in the negative direction. Trom 
the generality of the solution (5) we infer 
that any initial disturbance of the string 
resolves itself into two waves travelling in 
opposite directions. In the particular case 
where the string is started from rest, the 
formula (6) shows that the two waves are 
identical in form, and have at corresponding 
points half the original amplitude. 

The kinetio energy of any portion of the 
string is given by 

• • («> 

the integral being taken over the portion in 
question. Since the length of an element is 
altered from dx to sec xf/Sx, the work done 
in stretching it is 


end, whilst the second represents the roflocitcd 
wave. This is anti-symmetrical to the original 
wave, ix. it is identical in form cxco})t that it 
is reversed in sign, and also end for ciui. 

In Acoustics we are conoornecl wdth strings 
of finite length; fixed at both ends. Sii pj Josing 
these to be the points a; = 0, a;=Z, the formula 
(12) will apply, provided 

Jict + i)=J(ct-i) . . (i:t) 

for all values of cL Tho function T is tl lore fore 
unaltered whenever the variable is in(treaH(‘d 
by 21, and the values of i/ and dj/Jdi will 
therefore recur exactly whenever t incsreascs 
by 2Z/c. Hence, whatever tho initial ciivum- 
stanoes, the motion of the string i.s strictly 
periodic, the period 2ljc being the time a W'avo 
would take to travel over twice the length 
of the string. In this respect stiings cxicupy 
an almost unique position among vihiutiiig 
systems of multiple freedom. The only other 
acoustical instance is that of longitudinal 
vibrations of uniform rods or columns of air. 

To treat the question by the more g<‘U(‘ral 
procedure of the Thooiy of Vibrations \v(^ 
inqLuire what modes of vibration are ]>oHHibIo 
in which the motion of each particle is siinplo 
harmonic \vith uniform period and pliawo. 
Assuming 

?/=% cos (wH'f), . . (14) 


whore u is a function of x only, wo find that 
(3) is satisfied, provided 


dho 

dx^ 


-t- 



0 , 


( 15 ) 


to the second order. The potential energy is 
therefore 



the integral being taken over the disturbed 
portion. In a “ progressive ” wave, i.e. a 
wave travelling in one direction only, say 


whence =A cos — + B sin - ■ . . (10) 

c 0 

Since a is to vaiiislv for *=^0 and r I, wo 
mast have A=0 and sin (w?/c ) or 


(a 


6rc 

''~T* 


(H) 


we have 


y=Jict-x), 
dt ~ dx’ 


. ( 10 ) 
. ( 11 ) 


and therefore 1=7, in -rirtue of (4). Tho 
energy is therefore half Hnetic and half 
potential. 

When the string is limited in one or in both 
Sections reflection will take place. For 
instance, if the (origin he fixed we must have, 
^ (5)» /= ~ F for all values of the variable, 
and therefore 

y=F(ci-f-3;)-F[c«-a:). . . (12) 

If we suppose the string to lie to the right 
of the origin, the first term represents a wave 
of arbitrary fom travelling towards the fixed 


where s is integral. We infer that there is 
an endless series of normal modes (as tluy 
are called) of tho type 

y=B.sb^cos(!^‘+e.), . (18) 

where the constants and f, aro arbitrary. 
Tho mode corresponding to ft ■- 1 in ojiII/mI 
“fundamental” ; in it the form of th(‘ Hiring 
at any instant is that of a scini-un<Iuluti(tu 
of a curve of sines. In tin?; ru^xt inoinix'r 
(5=2) of the series tho string fonn.s a ooniplot^t 
undulation, with a point of rest, or “nixU-,” 
at the middle point. In tho dkkIo <torr(‘H|>oiicl- 
ing to any other value of 5 there ar<i 1 
nodes (counting tho ends), and 5 iiilerveniiig 
“loops,” or points of inaxiniuin amplitude* 



SUBMAJRTNE RANGE-FINDER— SURVEYING 


803 


*^110 frequencies (w/27r) of the successive modes 
^orm a harmonic series — 

^x(l. h h h • • ■ 



^his relation of frequencies h/is important 
OonsequonccH in Acoustics.^ As is su^rgestod 
oy a remark already made, it is peculiar to 
^■fcrings and to one or two other ideally simple 
s^rstoms. Even in the case of a string the 
Ixiirmonic relation is at once violated if the 
clonsity is not uniform, or if the flexural stiiT- 
Jnicas of the wire has to bo taken into account. 

The frciquency of the fundamental mode, 
^vhich determines the “ pitch ” of the note 
rod need, is 


2^ '2//.** 


( 10 ) 


Xt is h>worod by incjroaso of Ibngth or of 
lijiic-donsity, and raised by increase of tension. 
'X'hese points have familiar illustrations in the 
«tructure and tuning of the pianoforte. 

fc^o far, the string has been supposed free 
fi'om external force. I'o illustrate the case 
of “ forced ” vibrations we may imagine that a 
l>rosc!rib(^d vibration 


?/ “/i<'OHw^ . . . (20) 

ift irnposcHl at the point x a. The two parts 
of the st ring an^ to be treated sc'paratdy, sinee 
etpialion (3) is violated at the point in 
<£tieHlion. Tile solulioa i.s 


y/i 


sin (w.r/c) 
sin {ua/ry 




for 0 --jr« (If and 


( 21 ) 


!h 


Hill {«>(i2£)/r.lrt 

sin 


(‘os (at. 


. ( 22 ) 


of th(‘H(* expH'SHions is H<‘('n to <’onu* 
tinder tlu^ form (o), whilst for x u th(* values' 
< >f .Vi and agree with (20). I’lu* amplitude of 
//i !h be<M>m('M v(‘ry gn'ut. wluuiever wr//r 
or is a multiple of tt, /.c. when the 

xtti posed period approximates to a natural 
l>t*riod of either of the two H(‘gmenls of the 
Ht>nng. Wc have lu^rc an illustiutlon of the 
pririci])lc of Kesonanoo (H«*e “Simple Harmonic 
>lf*tion,“ Vol. I.), but it is to bo remembered 
t.ixat when the amplitude exceeds e<Ttain limits 
cliHsipation forces bmune import.ant. 

It is to bo remarked that tlio direct action 
* 8«?c “ Hound,** § (02). 


of a string in starting air w'aves is quite 
in-significant. In the pianoforte, for example, 
tho ])eriodic pressures on the bridges near the 
ends of the string sot tho whole area of the 
sounding-board into vibration, and this is 
really the origin of the audible sound. There 
is, of course, a certain reaction on the string 
itself, hut this is negligible except in so far 
as tho loss of energy gradually brings the vibra- 
tions to an end. t, 


SuBMAKiNJ? RANOB-FiNnEii (Zeiss). Sec 
“ Range-finder, Short-base,” § (7). See also 
“ Pcriscoi>os.” 

Sttb-st AND Anns of Liuht : electric lamps 
used in pmctical photometry instead of 
])rimary standards. See “ Photometry and 
Illumination,” § (13). 

SuBSTiTtmoN Method : application to 
moaHuroment of prism angles. See “ Gonio- 
motry,” § (2). 

Subtense Methods. Sec “ Surveying and 
Surveying Instruments,” § (22). 

SmiAB, Rotation Constants of. Soo “ Sac- 
charimetry,” § (5). 

SiT(jAH Standard, Subsidiary, forMeasdeino 
THE Rotation Constants ofSitoar : aquartz 
j>lato which, when measured with a saochari- 
meter, gives tho samo reading as that of a 
normal solution with tho same instrument. 
See “ Sacoharimotry,” S (5). 

SirMNER biNE. Sco “ Navigation ami Naviga- 
tional Instnimcnts,” (4). 

SuRK'AdE Tension op (Ulass. Sco “ Class,” 
§ (32). 


SURVEYINC AND SaRVEYING 
INSTRUMENTS 

I. SURVEYINii IN CkNERAL 
§ (1) Intkoduotion. — Surveying consists in 
tho apiilication of piiysUial measurement to 
tho earth’s surfacu', and furnisluHS a basis for 
its dimnissiou. Ijand surveying may bo divided 
roughly into thnui c^lasw^s, (uidastral, topo- 
graphi(‘al, and goexh^tits but there is no clear- 
(uit (livision betw(‘en them. Strictly speaking, 
a cadast-ral survey is concerned only with 
property boundaries, the topographical with 
natural huituros and physical objects, and 
geodeth? with the shape of the (uirth. In any 
liighly developed country a cadastral survey 
must b<^ on a large st^alo, and any largo scale 
survey is frcxiuently called a cadastral survey. 
Eor example, Iho large scale Ordnance Survey 
maps of th(^ United Kingdom are sometimos 
calUxl ctadusiral maps, although they do not 
show proi>erty boundaries as such; they show 
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the physical divisions of the land such as 
hedges, walls, or ditches, -which may or may 
not he the actual property boundaries. They 
are therefore, strictly spealdng, topographical 
maps on an unusually largo scale. On the 
other hand, a cadastral map is of little use if 
it does not include some topographical features. 
Generally speaking, a topographical map should 
show all the accidents of the surface which 
distinguish it from a featureless plane and 
which are of sufficient size to be shown legibly 
on the map. To satisfy these requirements on 
a scale larger than six inches to the mile (or 
about 1/10,000) would be very expensive and 
of little general use, and such large scale maps 
are only made of small areas for special en- 
gineering purposes. The smallest scale which 
can be considered a topographical map is 
about 1/500,000, maps on scales smaller than 
this become compilations or atlas maps. The 
scales most used for topographical purposes 
vary from 1/25,000 to 1/250,000. A geodetic 
survey does not in ibseh result in a map, but 
it is impossible to produce a good topographical 
or cadastral map of any considerable area 
without measurements which approach the 
accuracy required for geodetic purposes, and 
if the maps are to be on any but the smaller 
scales geodetic accuracy is necessary. 

Land s\irveying is a very ancient art, and 
was carried out in Egypt as early as 3000 B.C., 
being required for laying out property bound- 
aries on the land covered by the Nile floods, 
and for measuring the areas of holdings for 
revenue and land registration purposes.^ 

§ (2) Aootjra-OY Ejhsqtjirbd. — In deciding on 
the methods to be adopted in any given case 
it is necessary to consider on the one hand 
the precision of measurement and the elimina- 
tion of errors of observation, and on the other 
the nature of the region to be surveyed and 
the purpose for which the results are required. 
Superfluous accuracy may lead to as un- 
profitable expenditure as an attempt to survey 
a large area without suitable means of con- 
trolling and eliminating the errors which must 
occur. Eor economical work there must be a 
proper adaptation of the means available to 
the end in view. The attainment of tliis 
requires a knowledge of the principles on which 
all survey work is hosed, and of the causes, 
and laws of accumulation, of the errors in the 
various processes. 

The ideal accuracy is such that no error in 
fixing the position of any point is greater than 
the smallest amount that can be plotted on 
the largest scale map which is to he produced. 
While this limiting error should never he ex- 
ceeded, it must he remembered that the final 
error in the position of a point depends not 
only on the immediate measurements made to 

See E. G. Lyons, Cadastral Survey of Egypt, 
Cairo, 1908. , 


it, but includes the errors of tho points from 
which it is fixed. It is necessary therefore to 
provide a framework of points fixed with 
great accuracy, and with any error’s that may 
appear, distrihuted in tho best manner pos- 
sible- These points are then used to control 
the detail of the survey, and prevent tho 
accumulation of errors. By this moans the 
bulk of the work can be done by rougher 
methods, and the most accurate, and therefore 
most expensive, work reduced to a ininimuni. 

When commencing any now survey it is 
always economical in tho long run to provide 
a framework, over tho whole area to bo sur- 
veyed, of the highest accuracy that is likely 
to be required in tho future, and so to arrange 
it that it can be extended if and when tlio 
area is to be extended. If tho fi’amowork is 
only just sufficiently accurate for a small stuUo 
topographical map, it will be useless for a 
larger scale, or more extensive, survey in the 
future. Limitations of time, or funds, avail- 
able may necessitate a lower degree of accu- 
racy, but it is generally false economy to hurry 
unduly or to starve tho provision of this 
primary framework. If such an accurate 
framework is provided tho ptnnts com ju wing 
it must bo marked in a permanent maimer, 
so that they can be accurately identified at a 
future time ; it is obvious that any hiilure in 
this respect makes the work useless for any- 
thing but the survey immediately in huiul. 

§ (3) Oo-OBDiNiiLTBS. — In all cases the general 
principles of fixing and defining tho points are 
the same. Tho position of a xioint is defined 
either numerically or grai>liicaUy by some 
system of co-ordinates, one co-onJinate being 
always measured vertioally, z.e. in tho direc'tion 
of the force of gravity through tho point. A 
surface which is everywhere at right anglos to 
the vertical is a horizontal, or lovtd, Hurfaec\ 
The simplest example of such a Hurfae<^ is that 
of a lake or sea at rest, and the other two co- 
ordinates are generally measured on the surfaeo 
represented by the moan level of the B<‘a, 
supposed to he continued through the land. 
This surface constitutes the “Gcoid,” Ixung 
the mathematical “ figure of tho earth ” (seo 
the article on “Gravity Survey,” Yol. III.). 
The shape of tho geoid approximates to an 
oblate spheroid having a semi-major axis of 
about 6,378,000 metres and an eccentricity of 
about 1/299. In surveys of largo areas, such as 
countries or continents, it is necessary to take 
account of the spheroidal shape, and moaHiircf- 
ments are reduced to some select'd “ .M|)li(»r<»id 
of reference.” Tor smaller aivias it is Hulllcituil 
to consider the reference siiiface a.s a Hj)h(‘r<* 
whose centre lies in the earth’s polar axis, iiiul 
for still smaller areas the surface may Ix^ 
considered as a plane. The aHBuin})tioii that 
the surface is a sphere rather than n Hj>her<)id 
leads to the simplification that tho vertical 
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Ijlano through a point A which also incliutos 
a point B is identical with the vertical plane 
through B which includoH A, and tliat the 
level surfaces are all concentric spheres. 

In commencing the survey of any area the 
reference surface is hrst selected, a ])oint on 
this surface is then chosen as ‘‘ Origin,” and 
if the survey is to he connected to any other 
survey, the ])ositiun of tliis i^oint must bo 
determined, either by connecting it to an 
existing survey, or by ast-ronomical determina- 
tion of its latitude and longitude. An azimuth 
must ho similarly d(‘termined in order that 
the survey may be properly oriented. If the 
direction and distance from the origin of any 
other ])oint is doterminod its ])ositrion is 
fixed. Further points can be fixed in a similar 
manner, or by detm’inining their directions 
from two points already fixed, or by deter- 
mining their horizontal distances from two 
fixed points. In the latt(‘r <^ast^ the height of 
the j)oint must Ih,^ cletcu’mined separately, in 
the former ease it is usual to rm^asure horizontal 
angles only, and if this is done the height 
must also be determined separatdy. The 
systtun of horizontal co-ordinates to Ih‘ adopted 
depemls on circumstances. When an appreci- 
able fraction of the earth’s surfai^e is to bo 
consid(‘red the co-t)rdinates usotl are latitude 
and longitude. 

§(4) Latitudk.— T he latitude of a j)oiut is 
delined tis tins angle madt^ by the vertical 
through tlu^ j)oint with the plane of the ecpiator. 
It is measured north (»r south from the e({uator. 
Btricstly there are tlirta^ dilTonuit (U‘tinitionH of 
hiiiUuh ---(tHtronoinietd latitude as dtdinod above 
and depending on th<‘ t nun vertical at the point ; 
{fmrentrk latitude, which is the angle the line 
from the earth’s ctMilre to llu^ point mak(‘s 
with the }>lane t)f t he (*({uator; and (fmtfraphiml 
latitude, whidi is based on the supposition that 
th(^ (Mirth is a spheroid of known t•.omp^<^ssion, 
and is th(‘ angh* that the normal to this spht^roid 
mak(‘S with (h<^ plane of the <‘(juator. It 
dilTtTs from tlu* astronomical latitude only in 
Ix'ing c(»rreclc(l for ih(‘ hxMil deviation of the 
plumh-lim*. It is this latitud(' which is ust*d 
in mapping. 'I’he astronomical latitude of any 
point can he found diri'ct by olmi'rvation on 
th(‘Hun or stars, and can lx* found without much 
dilticulty with an (‘rror of less t lian t)*.T (c<u’- 
respondhig to alxmt 110 f(X‘t (m tlu^ ground) 
using a (binch the<xl(»lit(s and witli grcMiler 
mx'uracy i>.V using Kp(‘cial instruimuits. Th(‘ 
astronomicMiI latiludt* is not uhsolutcdy constant 
for any point, hut vari<‘s through a range of 
alxmt 0-5^ owing to the fact that the gixmmtric 
axis of the <*arth <1(x*h not c(»incid(' absolutely 
with the axis of rotation. 

'Plu^ angle Ixd-ween the true verti<‘al at any 
])oint. ami the normal to the spheroid of 
r(‘f(‘rem‘e is known as tlu' diwiation of the 
plumb-line, and in places where this (or ratluT 


its component in tlio nioridian) varies the 
length of a degree of latitude as measured on 
the earth’s surface will also vary irregularly ; 
consequently astronomical latitudes are not 
suitable as co-ordinates for mapping purposes 
for large scale work. The deviation of the 
plumb-line may amount to over half a minute 
in exceptional cases, ^ and in the absence of a 
geodetic survey there is always an uncertainty 
of a few seconds. Geographical latitudes are 
corrected for tliis deviation, and therefore the 
length of a degree of geographical latitude does 
not vary irregularly. When the latitude of 
the origin, and the spheroid of reference to be 
used, have once been settled for any survey, 
the geographical latitudes can be calculated 
from the measurements and used for mapping 
purposes, but the resulting values will depend 
on the Hiihcroid adopted and on the (necessarily 
unknown) deviation of the plumb-line at the 
origin. Consequently two surveys started in- 
dependently cannot in general bo expected to 
give the same values for the latitudes of any 
points common to both. 

§ (5) Loncjititde. — The longitude of a point 
is the angle between the meridian jilano through 
the point and some standard meridian plane, 
and is moasurccl oast or west from the standard. 
Tho meridian plane now almost universally 
adopted as standard is that of tho transit 
instrument at (Uvcnwich Observatory. The 
})lano of tho meridian may bo defined in two 
ways, either as tho plane through tho earth’s 
axis which contains tho point, or as the ifiano 
parallel to tlie earth’s axis which contains the 
vertical at the point. Tho fii’st definition gives 
the geofjmp/iUud longitude and tho second the 
■antmmuiieal lontjUude, the dilTcrenco between 
them being thci deviation of the ])lumb-line in 
the prime vertical (tho ■i)lano i)asBing through 
tho vortical and perpendicular to tho meridian). 
(S(X)graphical longitude is calculated in the 
same way as geograi)hical latitude, but tho 
d(»t(‘rm illation of aHtronomie-al longitude is loss 
simph*. 'I’he dilh'renee in longitude between 
tW(» ixiintH is a measuni of the dilTerenco in tho 
bxMil tim(‘H of the two points, one hour of 
iiuMiu time <5orr<‘sponding to lii” of longitude. 
Local time ixin Ix^ found by astronomical 
obsiTvatioiiH with an error of loss than 
second without miudi dilliculty, but to deduce 
the longitude Greenwich mean time must also 
he known. 'Phis is tho most difficult part of 
the prohUun. Jletxmt advanijos in wireless 
tdegraphy hav(^ simplUiixl this, and wireless 
signals can he reeordeil on a chronograph with 
a time lag of h^ss than second, and there 
now ajipears no reason why astronomical longi- 
tud(SH should not bo obtained in tho field with 
tho same acxmracy as latitudes, and with nearly 

‘ See (1«‘ (Imaf lIimhT, The Earth* 6 Jiasis arid 
TrianuuUtlwn, Hurmy tif India, Proif* Paper, 16, Debra 
Dun, lOlS. 
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the same facility. In the past the only accu- 
rate method has been by exchange of tele- 
graphic signals. This is only possible when 
arrangements can be made for the use of a 
telegraph wire between the field station and 
some station whose longitude is known. 
Transport of chronometers is not very satis- 
factory, as the rates of the chronometers are 
liable to change while they are being trans- 
ported, but this has up to now been the best 
method available where triangulation or tele- 
graphic determinations have not been possible. 
Recent improvements in chronometers, com- 
bined with the possibilities of rapid transport 
by aeroplane, have increased the accuracy 
possible by this method. A recent determina- 
tion ^ of the difference in longitude between 
Paris and Greenwich shows the possibilities. 
In this Paul Ditisheim used 13 chronometers, 
and took in all five trips between Paris and 
Greenwich, giving sixty-one separate deter- 
minations. The mean for the sixty-one was 
9 minutes 20-94:7 seconds ± -027, the probable 
error of one determination being 0-214 second. 
The mean of the Trench and Biitish deter- 
minations by telegraphic methods m 1902 was 
9 minutes 20-953 seconds. 

Greenwich time can also be obtained by 
observations of the occultation of stars by the 
moon, or by observing or photographing the 
position of the moon among the stars, but 
such observations are neither simple nor accu- 
rate. 

§ (6) “Figubb of the Earth. ’’—This is 
found by determining as accurately as possible 
the astronomical latitudes and longitudes of 
points connected by a geodetic survey, and the 
figure BO found is that which makes the result- 
ing deviations of the plumb-line a minimum for 
the stations considered. Naturally as geodetic 
surveys are extended more data become 
available, and fresh figures can be found 
which approximate more closely to the true 
geoid. For this reason surveys started at 
different times and in different countries have 
adopted different figures for their calculations, 
but these variations have little effect on the 
mapping of the various countries, and the 
labour of fresh calculations which would be 
necessitated by a change in the^figure has not 
been considered to be justified 6 y any gain in 
accuracy that would result. Inconvenience 
arises, however, when two such surveys connect 
up with each other, ^ and as the existing gaps 
in geodetic triangulation become filled up, the 

^ Monthly Notices, Royal Aslr<monical Soc. Ixxx. 
809. 

* A striking example of the inconvenience caused 
by surveys which had not been reduced to a con- 
sistent whole, blit which connected or overlapped, is 
given by the theatre of operations of the British 
Armies in Prance and Flanders in the late war. 
There were no less than five good, but conflicting, 
systems of triangulation in this area. See Geographical 
Journal, liii. 253. 


question of recalculation, so as to make a 
consistent whole, will have to be seriously 
considered- 

§ (7) Rectang ular Co - ordinates. — In- 
stead of using goographi(‘-al co-ordinates 
(latitude and longitude), it is frequently 
preferable to use rectangular co-ordinates, 
and these are invariably used in large-scale 
work. The position of any point on the 
earth’s surface can bo defined with reference 
to any other j)oint chosen as origm by the 
intercept of the great circle at right angles 
to the meridian through the origin and passing 
through the point (x co-ordinate), and the 
distance along the meridian from the origin 
to the intersection of the groat circle (y co- 
ordinate). Rectangular co-ordinates as thus 
defined are strictly accurate moans of defining 
the position of points. Ceographicial and 
rectangular co-ordinates can bo converted 
the one into the other.® 

The rectangular co-ordinates of traverse 
points or trigonometrical points, whose latitude 
and longitude are not required, are generally 
calculated as follows. 

A (Fiff. 1 ) is the origin, AY the meridian, 
AX the great circle perpendicular to the 
meridian. Then the co-ordinates (a;i 2 /i) of B 
are given by aj^sAB sin a and 7 /i^=AB cos a, 
where a is the azimuth, or true bearing of 
the first side AB. Similarly, if ^-ABC-a, 
ajg =BC sin j 8 ,and = BO cos ft, the co-ordinates 
of 0 are + ar 2 )(t/i - j/^). Similarly the co- 
ordinates of i) and further points can bo found. 
It will bo noticed that 
in the case of a tri- Y 

angulation such as is 
shown in Fig. 1 the 
co-ordinates of 0 can 1 

be found either from t/J 

B or A, and those of I) J 

from B or C. It is \ 

generally advisable to 
compute both ways so 
as to provide a chock on the arithm<‘tic. It 
must also be noticed that oikh^ the initial 
meridian has been left the angk's (-t, 7 , etc., 
are no longer the true bearings of tlu^ sicles, 
and must never bo used as such. They 
are commonly known as “ false b(^arings,” 
and differ from the true Ix^arings by an 
amount known as the (‘.onv<Tg('n <}0 of the 
meridians. This method of calculation as- 
sumes that the perpendiculars dropped from 
the points B, 0, etc., to the ax(^s are ])arallel 
straight lines. In reality the ])erj)(mdicular 8 
to the Y axis are ])ortions of gn^at (dreles, 
and therefore not parallel to ea(di other nor 
to the axis of X, hence as the i)oints got 
further from the Y axis the y co-ordinates as 
calculated become larger than tluur true 

* See A. R. Clarke’s or other book on Geodesy ; or 
0. F. Close, Text-hook on Topographical Surveying. 
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value. This error increases as the square ' 
of tlie distance from the meridian, and amounts 
to about 1 ft. per mile at a distance of 75 
miles from the meridian. The errors of the 
X co-ordinatoa, and those of the y co-ordinates, 
due to increasing distance from the X D-xis, 
are much less serious. This method of 
computing, though extremely useful, must 
not he continued too far from the initial 
meridian. 

§ (8) Map Projeotioks. — In order to form 
a ma]) the points must bo plotted on a piano 
surface, and some orderly system of eonstruet- 
iug the meridians and i)arttllols must be 
soloctecl for this purjjose. Such an arrange- 
ment is called a map projection, although it is 
not, as a rule, a projection in the goomotrioal 
sense of the torni. A-s the surface of the 
earth is curved it is impossible to represent 
it without distortion on a piano surface. 
Kor small areas, whore the departure of the 
eartli’s surface from a i)lan(^ ia small, it does 
not matter much what projection is soloctcd, 
and points are generally plotted by treating 
their (aphorical) rectangular co -ordinates as 
piano co-ordinates. In a map covering a 
large area of gn)und the main points must 
bo plotted either from their geographical 
co-ordinutos, or from those reduced to piano 
rectangular (‘o - ordinates, according to the 
projection nd<i]ited- In the case of large- 
scale work minor pt)intR are plotted by 
rectangular co-ordinates, and the oonsoquont 
errors are prevented from accumxilating to 
any appreeiabks extent by shifting the origin 
used from one princdiml point to another as 
the work pn)cood8- The various map pro- 
jections in use arc dealt with in a special 
article. 

§ (J)) MiCTIIODS of MWASUai'MKNT. — The 
actual ineasurtfrneiitH required in the liolcl 
are of two kinds : 

(rt) lAUigth nioivstircments, oithor direct l)y 
numiiK of UKMiHuriug rods, eliains, tapes, etc., 
or iii(lir<*(d by the use of aiigiilar lueasuro- 
nuMits, (fi) Anglo mcnsureiiKMiis- (ieiiorally 
horizontal mid vrrtiml angles are nimsuroil 
Hopiirat(*ly, ’’riie InHlriimentH most used are 
tln'iulolite, coiiipiLHH, or piano taldo, for 
horizontal angh‘H; tb<‘<)doliU'> or cliuoinoU^r 
(wilh (uth(‘r a Hph'it-h'vel or pin mb- bob) for 
vertical angle's; and tlie sext-uiit fordirec^t 
angU'H. 

These fundanKMital tneusun'numts can bo 
eombined in various ways. Kor olitiuning 
horizontal tio-crdiniitcB tho ful lowing niethodH 
emn bo adopted s 

(i.) Trum'gnkitmi.--n,lm (^onaistH cf forming 
a network of t.riariglos, built up oiu> on the 
nth(*r, th(» distance between two points being' 
first a<uuiratcly inetwuirod hy a base inoaftwring 
npparat UH. The angles of tlic^ triangles being 
tlion measwrtsd with a theodolite, tho lengths 


of all th .0 remaining sides can be calculated. 
This method is tho best for providing tho main 
framework of any extensive survey, and is the 
only one used for geodetic work. It should 
always he used wliere circumsiancos permit 
(see § (10)). 

(ii.) ^Traversmy . — Traversing consists in pro- 
ceeding from point to point in straight lines. 
The tlistancc between points is measured 
diieetly, and changes of direction are measured 
at each point by means of theodolite or 
comxiass- Traverses arc used in close country, 
such as towns or forests, whore triaagulation 
ia impossible or unduly expousivo, or for 
railway or road location surveys whore the 
survey of only a narrow strip of land is 
required. They are generally used in conjunc- 
tion with a triangulaiion (see § (11)). 

(iii.) Detail Survey , — Detail survey consists 
in tho filling in of minor points of detail 
betwoou ill© trigonomotricnl or traverse points 
already fixed. It is generally oai*riod out by 
simple length and angular moaauromonts 
(chain survey, etc.), or in some cases by large- 
scale plane-table work (see §(15)). 

(iv, ) jPlarie > tabli ng, — Tho piano - table con- 
sists simply of a drawing- hoard mounted 
lioiizontally on a portable stand. Tho detail 
ia drawn straight on the board in tho field. 
An alidade, or sight - vane, consisting of a 
ruler fitted with sights, enables rays to be 
drawn on tho board in tho <lireotion of the 
various ])ointH. Points aro fixed by intorpola- 
tion or resootion from known points, or by 
ti system of graphic triaugiilation, or by 
moans of tlire<5ti(>ns dotenuined gr«ii)hically 
and (liHliutcos by taehoomotric means (see 
§ ( 10 )). 

(v.) TdcIteomMc or Skidm Survey. — In this 
ooHc dirtttiuccs 4iro rncasurecl iucliroctly by tho 
angle Hul)t<‘.n(Ud at the irisf<rumcnt liy a 
known length at the distiint point- If tho 
bearing of the point is known tho C(i- ordinates 
of the point can be caleulatocl, or its })()siii(>n 
plotted by protractor and scale (hoc § (20)). 

(vi.) Aftfranomirul 0/mr7Httir>m, — Astro- 
iioniitial lal-itudi^H, local tinus and the dirootion 
of tho true north can be ohtnined from 
obHorvatioiiH on the sun or Htars. As already 
explained, sucdi olis<'rvati()nH arc required 
for (lot.erniiuiiig tlie position of the origin 
and tho orientation of lu^w surveys, and for 
gei)<l(Hi<*. purposes. They an^ also uneful as a 
elioiik on route traverses and rough tri- 
angulation. The ch^termi nation of an azimuth 
is often rcMpiired in many cbisBos of survey 
(HOC §(23)). 

(vii.) Plwtugmphic /Surveying , — Photographs 
<mi be UH(^<1 for ineaBuring angles if the focal 
U'n^tli of tlu^ lens used is known. Such 
methods arc*! Homotimos ()f uso in mountainous 
country, and the recent developments in 
aviation havo opened up possibilities of 
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surveying by means of photographs taken 
from aircraft. 

The general utility of photographic methods 
is, however, much debated, and for a complete 
topographic survey x>lane- table methods are 
generally preferable, but photographic methods 
may be useful in very rough country, or for 
location surveys in mountainous country.^ 
Elaborate apparatus for plotting from photo- 
graphs has been made, notably by Zeiss. 
A full description of the different apparatus 
available, together with a bibliography, is 
given by Max Weiss. ^ 

Survey from aerial photographs suffers at 
present from two great disadvantages: (1) 
The apparent direction of gravity in an aero- 
plane depends on the acceleration of the 
aeroplane, consequently the direction of the 
true vortical is not known. This difficulty 
can be overcome if sufficient points, whose 
position and height are known, can be accur- 
ately identified in each photograph, but the 
result is that a stronger and more expensive 
trigonometrical control is needed than would 
be required for ordinary methods. (2) The 
difficulty in obtaining an adequate know- 
ledge of the relief of the ground. In any 
case it is only the tops of walls, houses, etc., 
that can bo fixed accurately, whereas the 
ground plan is usually required by surveyors. 
The overhang of trees and buildings creates 
further difficulty. These disadvantages make 
the method of little u^e in closely inhabited 
country. On the other hand, aerial photo- 
graphy proved of great use during the war 
to fill in fresh detail in inaccessible country, 
and is also of use in the survey of flat country 
that cannot easily bo walked over, and fo¥ 
the rapid survey of high-water mark on the 
coasts or in flooded aroas.^ 

The vertical co-ordinates are found in the 
following ways : 

(a) LeveUi?iff. — Readings are talicn on a 
vertical scale by means of a horizontal lino 
of sight. The difference of two such readings 
from the same position of the instrument 
gives the difference of height of the two points 
on which the scales are supported. By a 
succession of such readings the heights of 
successive points are obtained. This is the 
most accurate method (see § (29)). 

(b) Trigonometrical Determination of Heights. 
— If the distance of a point is known and the 
vertical angle to it measured, the height of 

' 8efi F. Manok, Oftterreichischer Ingcnimr~ und 
Arehitekten-Verfiin^ ZeitscJirift, Ixxil. 73, 

* Die geschichUiche EntwicMung der Photogram- 

metrie und die Begrilndung ihrer Venv&ndbarJceit fUr 
Mess und KonstruHionsmeel'e See 

also R. BTclhlinf?, Schweizerische Bnuzeitung, Ixxvii. 6 
and 13, and W. Sander, ZeU. InstrumerdenJe. xli. 1, 33, 
and 65. 

* See Geographical Journal, hi. 201 and 481 ; also 
C. G. Lewis and H. G. Salmond, Survey of India, Prof. 
Paper, 19. 


the point above, or below, the instrument 
can be calculated. For distant ])oint.s allow- 
ance must be made for the curvature of the 
eai*th and for atmospheric refra(^tion. The 
method suffers from the uncoriainty of tlu^ 
allowance for refraction, and the errors from 
this cause increase rapidly with the distam^e.* 

(c) Barometric Methods. — Measurement of 
the atmospheric pressure by means of an 
aneroid, or otherwise, is the qui(jk(‘st metluxl 
of determining heights, but as the ])rc.SHur(^ 
varies according to the “ weather ” as well as 
the height, this method gives only rough 
results in most cases. 

The various methods sot out above ami the 
instruments used will now bo considor(‘d in 
more detail. 


II. Tkianoulation 

§ (10) Tjrianoulation. — If the length of one 
side, and the three angles, of a triaiigh' ai*e 
known, the lengths of the other side's (‘an be 
calculated, from whence it follows thai if the 
angles in any figure built up of triangles arc 
measured, together with the length (»f any 
one side, the lengths of all tlu^ otlu^r sich's (um 
be calculated and the apices of th(^ triangles 
fixed. The measured side^ is (!all(«l t he haw', 
and its method of measiireimait is <h^s(‘rihc‘d 
later. The figure may consist of a chain of 
triangles, of quadrilaterals, of polygons, or 
of a network, as shown at (rr), (/->), (r), and (d) 





of Fig. 2. Although it is sufficient to inenHUre 
two of the three angles of each triangh^ it 
is better to measure all three, as this givt's 
a measure of the accuracy and pr<*V(*nts 
mistakes. The International r»ood(‘tic Associa- 
tion classes triangulation as follows : First 
order has a triangular error not ex('<‘(*ding U, 
second order not exceeding .5'^ third ord(‘r 

* ScG article on “ TriKonomctrlcal Udirhfs und 
Terrestrial Atmospheric Refraction,” Vol. III. 
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not exceeding 15^, fourth order exceeding 
15^'. In a first-class (extensive survey there 
are generally throe classes of triangulation. 
The “ primary ” should, if possible, bo of 
the first order f)f accuracy, or should closely 
approach it* The sides of the triangles would 
average 30 to 40 miles (up to 100 miles have 
been observed). All angles are measured, 
and a 10- or 12-in. micn)metor theodolite 
is used. This forms a backbone, or main 
framework for the survey. The “ secondary ” 
triangulation is carried out with 0- or 8-in. 
instruments, with fewer observations, and the 
lengths of the sides are shorter. Erroi-s are 
prevented from accumulating by adjusting 
the results to those of the primary work. 
Finally the whole country is irovered by 'a 
“ tertiary ” network, based on the secondary 
work. The length of the si<leH depends on 
the scale of the map ro(piired, and for large- 
scale work would average about IJ miles. 

When time and funds permit,, it is always 
advisable to provide a framework of first 
order triangulation. This will then serve 
for any survey that may bo recpunul in the 
future; and if accurate large-scale surveys 
are started in vaiious parts of the country 
this framework ensures that they will join up 
correctly when they nuiot. If it is impossible 
tt) carry out such work, the main framework 
should bo of at lotist sufiicient accuracy to 
ensure that no error is introduced which will 
bo plottable on the scale of the map which it 
is to oontrol. 

With any extended system of triangulation 
it is always advisable to motvsun^ one or more 
choc^k bases, at considerable distancies from 
the original. Ihises (^an now be measured so 
otisily that modern practice tomls to multiply 
th(^ number measured. 

'riie errors in primary work are always 
adjusted l>y tlu^ method of least s<|uar(^s. 
The a(?curac.y deptmds not only on tht^ atuuiraey 
of meaHureuK^iit, but also on the “ stnuigth " 
of ligur(\ In a simplt' chimin of triangle's 
((a), FUj. 2) Uk' trijingU'H ar(' all uid<'p(‘ndenl., 
and the only adjust-meiit made is by disiribut- 
ing the triangular (‘rr«)r betw<‘en the three 
aiigli'H. In <)tli('r vv«)nls, tlien^ are thn'c 
unknown ('rrors, and only one eonditiouul 
e<|uation that must Im^ fullilh'd by t.h(‘ eorn*et 
angh'H. In the eusi^ of a of (ptadriiaU'rals 
((/>), 2), whih^ (‘aeb (iuadrilat<*ral is in- 

d(‘pen<lent, eight angles fir<' nieaHure<I, but 
then^ are four eondititmal ('((uations <’onneeting 
them, henee the errors can b»^ < list ribu ted 
b<»tter ami the figur<‘ is “ st rong<‘r.'*’ Tin* 
strength also dt'iK'nds {)n th(^ ligtirc' b<*iug well 
conclitiomMl ; v,(j, an efiuilateral triangle is 
stronger than one containing an ac\d<^ angh*. 
Mon' complicated flgun'S are still stronger, 
hut as th('ir stn'iigth increaw'S so tloes the 
lal)our in adjusting them. (’h<‘cU bases 


provide a further correction, which must be 
applied throughout the chain connecting each 
pair of bases, it being usually considered that 
the measured lengths of the bases are errorless 
compared with those calculated through the 
triangulation. Similarly a chain closing on 
itself, or on a ])reviously adjusted chain, so 
as to form a closed circuit, provides a further 
condition. Modern practice tends to adopt 
chains of quadrilaterals, forming a grid or 
network, with occasional more complicated 
figures as may be necessitated by base 
extensions or topogra])hical conditions. 

In limt order work the signals observed 
to are generally lamps or heliostats, work on 
lamps at night giving the best results. If 
opaque signals are used, care must be taken to 
avoid a construction that presents variations 
in x)haso according to the direction from which 
the light falls upon it. AH stations must 
be carefully marked and described so that 
they can bo found again in later years. It is 
desirable to have concrete or brick pillars to 
support the instrument and the lamps. In 
flat or wooded country it may be necessary 
to erect towers to su])port the instrument 
so as to get a sulficiontly clear sight. 

III. THAVJBESJffiS 

§ (11) General. — A traverse consists of a 
series (jf straight linos on the earth’s surface, 
the lengths and bearings of which are measured. 
Each straight section is called a leg. The 
bearings of <Hioh leg may bo obtained in- 
depondoiitly by compass, or the bearing of the 
first may bo measured or assumed and the 
botiring of oiuli succossive leg determined by 
measuring the angle made with the preceding 
log. Traverses may bo made in many ways, 
atid with all degrees of accuracy. The 
distances may be measured by i)acing, by 
time, by <*.ounting the revolutions of a wheel 
run along the ground, by chain, by steel or 
invar tap(', or by tac.heoinotrio methods, and 
the angU'H by i)riHrnatit5 tsornpass, by theodolite, 
or !)y (Unnd/ plotting on a j)lano - table. 
Aeeuratt' travei’ses may be used for the 
setsondary fraimnvork of an extensive survey 
where the (^ondil.ions are sucdi as to make 
triangulatiou dillieult or imi>osail)lo ; such 
eontlit.ious obtain in dt^nse forest or flat grass 
ctmntry wlu're high towers of some sort 
would hav(^ to Ix^ built for t.he stations of a 
triaugulation, eausing great (^xj)enHo. Modern 
d('veU»pin('nt.H in tluj use of steel or invar 
tape's for rapid and accurate moasuromont of 
h'ngtli hav(^ greatly increased the accuracy, 
au<l hence th<^ applicjation of this typo of 
traverses (sec^ also § ^11)). 

'Pravi'r’HC'H are most widely used for roughly 
mapping travelU'i's’ roiitos, and for detail work 
in towns nn<l cluso country. 
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Traverses are also used where a large- 
scale map of a narrow strip of country 
is required, such as a railway survey, and 
also for mining work where triangulation is 
impossible. 

§ (12) Use of Tapes. — For town traverse 
work the tapes are. generally stretched along 
the ground, the tension being applied by a 
spring balance, and the slope measured by 
the theodolite at the same time as the hori- 
zontal angles. In rough or jungle country 
it is convenient to use long tapes, up to 
5 or 10 chains in length. In such eases it is 
gei^erally best to let the tape hang free clear 
of the ground, supported at intervals of every 
chain, or some other convenient distance. 
For traverse purposes these intermediate 
supports can be wire nails driven into the 
sides of rods, the rods being held vertically 
by assistants ; the supports must be aligned 
vertically and horizontally. 

In using a spring balance for applying the 
tension it must be remembered that the tension 
indicated by the dial is that applied to the 
Aoofc when the balance is in a vertical position 
with the hook downwards, ie. it is the tension 
of the spring minvs the weight of the drawbar 
and hook ; the tension indicated is therefore 
too low, when the balance is held in any other 
position, by an amount zy(l - cos a), where w 
is the weight of the drawbar and hook attached 
to the spring, and a the angle made by the 
balance with the vertical, reckoned ais 0 when 
the hook is downwards and 180® when the 
hook is upwards. 

In order to provide a check on the 
measurements it is useful to have the tape 
graduated on the back and front in two 
different units, e.g. feet and links, or feet 
and meters. 

§ (13) Measurement of An&les. — The 
method of measuring the angles with a theo- 
dolite is similar to that employed in triangula- 
tion, but the following special considerations 
apply. As the bearing of any leg is burdone4 
with the accumulated error of all the angles 
measured up to the point considered, the 
accuracy becomes of special importance irre- 
spective of the length of the leg sighted. It 
is therefore of great importance, especially 
when using short legs, that the traverse 
points should be very finely marked, that 
both theodolite and signal should be care- 
fully centred, and that the signal should 
be such that it can be accurately bisected. 
The longer the legs the less important this 
becomes. 

§ (14) CoiflPTjTiNG AND Plotting. — Traverses 
can obviously be plotted direct with a pro- 
tractor and scale, but it is almost always 
better to calculate the co-ordinates of the 
points. Such co-ordinates, or their differ- 
ences, are frequently known as “latitudes 


and departures ” or “ Nortliings, Eastings,” 
etc. 

Traverses should always be run between 
points already li.\e(l, or bo closed on the starting- 
point ; this enables the total error to bo deter- 
mined. The errors accumulated depend on 
the accuracy of both the length and angular 
moasuromontfj, and the problem of clistribut- 
ing the orroi's found in tho best manner does 
not lend itself to any sinrplo solution. There 
are two main cases, (L) where the bearings 
are moasurocl by compass, in which case tho 
error in bearing is not accumulative, and (2) 
where tho angles between successive legs are 
measured, in which case tho error in bearing 
inoreasos as the scpiiiro root of tho number of 
angles (assuming that all angles are road with 
equal accuracy), lii distributing the errors it 
is usual to correct tho angles or hearings 
independently of tho Icugtlis. In any closed 
traverse the correct sum of the angles can bo 
calculated and the error divided o(iually among 
the measured angles. The same applies when 
traversing hetwwm trigonometrical j)()int8. 
Those corrected angles are used in tho calcula- 
tions, and tho rcMnainiug errors are distributed 
by corrections api)lU‘(l to tho co-ordinates. 
The simplest method is to divide the total 
error in latitude et[ually among the stations, 
and similarly witli departures. A better way 
(on tho assumptiori, generally correct with 
careful tluHnlolito traverses, that tho length 
errors arc largo compared with tho angular 
errors) is to use tho following rule: “As tho 
aiithmoth^al Hum of all tho latitudes is to any 
one latitude, so is tho whole error in latitude 
to tho corroetiou U) tho corresponding latitude, 
and BO with tho de}>arturcs.” ^ 

Tho angular error can often bo checked at 
intervals by observing angles to points already 
fixed, or by astronomical azimuths. Length 
errors can only ho cheeked hy dosing on fixed 
points, or, in the case of rtmgh ox})li>ration 
surveys over long diKlanees, by astronomical 
ohsorvations of latitude and longitude. 

IV. DwTArn Surveyinc* 

5 (15) Qenkral Nurnons.— Tho detail on 
largo-Bcalo Hurv(\VH may be insertexl by stadia 
methods (^.T’.), hy })laiie-tahle work (c/.r.), or 
by chain survey, hi small -sealo work the 
plane-table is gen<M'ally uae<l. Tho surveyor's 
chain consistH of links of iron or stol wire 
connected hy rings, an<l with a brass bantllo 
at each end. In eoun tries using English 
moasuroH tho chain is generally (Hi ft. long, 
divided into 1(K) linkB, every tenth link being 
marked hy a brnsn tab. As ton square chains 
are one acre, this forms a convenient doeimal 
system for the measurement of areas ; 100 ft. 

. ‘ Wee J. B. JolinHon, Theory and Practice oj *S’wriYi/- 
ing, 17th ed, p. 235. 
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and 20 metre chains are also used. The area 
to bo surveyed can "be split up into triangles 
(generally starting from a triangle of the 
toi*tiary triangulation) the sides of wliioli are 
measured. Tlie' positioa of detail points are 
fixed by the distance ajong the line chained and 
the distance from the nearest point on the line 
measured (at light angles) by moans of a gradu- 
ated rod or tape. Such clistaaces are called 
“offsets.” Offsets shiould be keptshoit, or the 
error in estimating the right angle will Ibeconio 
too groat. Cross staves or oj^tioal squares can 
be used to give tlio liglit angle if long offaots 
are necessary. The simplest form of optical 
sq.uaro consists of a pentagonal purism with 
rofiioetion at two facses including an angle of 
45®. It is more accurate, and now more usual, 
to use a graduated steel tape instead of a 
chain. Allowance for sloj^o is made by 
estimation, or by measuring the shopo by 
clinoinotor and calculating the correction. 
The field work is booked in a field bc.'iok, all 
distances being booked aa total lengths from 
the start of each chained line. Although the 
chaining of the throe sides of a triangle, or the 
four sides and one diagonal of a quadrilateral is 
sufliciont to determine it, it is advisable to 
chain also a tie lino, i.e. a lino from the aj)cx 
of the triangle to a known point on the haiso, 
or the second diagonal of a quadrilateral. 
Tills gives a chock, and tests the accuracy of 
the work when plotted. 

V. rLANB-TABLlNTG AND PLANE-TABLES 

§ (Ifi) Planu-tablino. — The ifiano-kiblo 
consists essentially of a drawing-l)oard mounted 
horizontally on a portable tripod, and cmpablo 
of bell ig adj ustod in azimuth. AcooHsorios nsod 
with it are a ruler provided with wghts (cither 
open or telescopic), a compass, and a oliuo- 
meter. Thcsightotlrulor is oallcd the “ alidade.” 
The plane-table is usod ft)rtc)pogra]>hic survoy, 
the dotail being drawn in dirt^it <iii the* |)ajH‘r, 
and itH a rule on the acab ro<iuirod for tbo 
finirthwl map. Such soalo may l)o anytiiiiig 
from about l/2r)0,(>0() upwardn. It is not 
advisablo to work lo n larg<'ir thnn t-hut 

of tho liual mnpiiH thiHcnUilHa lnrg(*r i lurn bor 
of liok 1 hIuh^Ih, liiiiilH nmuH'osHurily t henuinbor 
of trigonomotrical points that <uui bo plot ted 
on the slu'ct, and 1(mu1s to an uniir'<'<‘Hrtary 
amount of dtibul being jdottod, and lu^nco! to 
a wtish^ of time. The only advantage iathat 
a lower standard of draughtsiunuship can bo 
us<d. If a larger sctalo map ia likedy tf> bo 
ro(juirod in the near future’^ it nhould, how- 
over, bo considon^d whether the larger scalo 
Hhoukl not be adopted at once for the fudd 
work. 

''rhe general jirineiplo af tho work is as 
follows. A (KTtaiu n uinher of points are li xod 
lirst by triangulation, and carefully [dotted tu 


scale on the field sheet. Tho distance between 
such points depends on tho scale, a convenient 
rule being that they should be about 4 in. 
apait on the field sheet. If tho ijlanc- tabic 
be nuw set up and levelled at any fixed point 
A on the ground, the sight rnle laid along tho 
line AB (where 3 is another fixed point 
visible from A), and the table turned till the 
distant station B is intersected by the sights, 
tho table is said to be oriented, and if the 
sight rule bo laid along the line joining A to 
any other fixed point, that point should bo 
intorsceted by the sights. Similarly tho lino 
giving the direction of any other point from 
A can bo drawn in ; two sucjh lines to any 
point from two difToront settings up of tho 
table fix its position, and any subsequent lines 
sorvo as a chock. Stations so fixed and 
checked are termed intersected jxjints, and 
can bo used in fixing further i)oint8. If tho 
distance of any point bo known, or estimated, 
this disbanco can bo laid off along tho lino 
and tho point fixed. Detail in tho neighbour- 
hood of any fixed and occupfiod pjoint can thus 
be drawn in. Tho accuracy of measuromont 
or ostimiition required clopjonds on tho scale, 
as nothing is gained by an accuracy ofmoasuro- 
mont greater than tho accuracy of jdotting. 
It is always doBir*ablo, whon tho table is first 
orioatod, to mark tho magnetic north by 
moans of tho compass, as tho plane-table can 
tlieu always bo uriontod approximately by 
compass. 

If tho table bo sot up at any \inknown ]x>int 
fi-om which three fixed points A, 3, and 0 can 
bo soon, the position can bo determined by 
“interpolation” or “ roBeetion.” ^ There are 
various "wayH of doing thin, but tho simplest 
is OB follows. Tho table is approxijuatoly 
oriouted by com])tiss, and rays are drawn from 
thothrM^ jiointw; if the orientation iw correct 
thcHo rayw will meet in a point, which is tho 
retiuired i)i)Bitu)xi. lf(aHiH ])robablo) they do 
not meet they will form a smull triangle, 
kriow'n its the triangle of error, au<l the true 
l>oHiti()U can he <let(M’iniiic<l by the following 
rulcH : (1) If the triangle of tMTur licH within 
the triangle formed by th<^ three points, tho 
position irt within the triangle of error ; (tl) If 
the t riangle of <'rror falls outBule tho triangle 
foriiK^l by the threes points, tbo posithni i« 
eif.hor tu ih<^ left of all the rays when facing 
the fixed I )oin is, or to the right, of all ; (B) Tho 
diHlianee of tho point from uny ray is pro- 
portional to tho length of the ray. Krom 
th<‘Ho ruI<‘H tln^ poHil ion of the ]Knnt iHentiinatiOcl 
and innrlo'tl, tho si^ht rule is plnecHl along the 
line joining IIiIh position t.o that of the most 
(liHtant of the fixe<l points, and dlroctod on 

* In Ain<'rl<*a t lie term roMM-tlon Is alM) applied 
where* <tin* my liiiM been druwn to tile point from a 
prevlotwly perint, and tin* tlxln« l« ('onipletcd 

l»y niys <lniwn at the imknfuvn iKilnt from llxod 
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the point by revolying tlie table, and the I 
orientation is then chocked on the other x)oints, 
or on any further points visible. If there ia 
still an error the process must be repeated. 
This method fails if the position of the station 
lies on a circle passing through the points A, 
B, and 0, and is inaccurate if it lie near such 
a position. 

In small-scale work the stations at which 
the table is set up are fixed by intersection or 
resection, and the detail sketched in round 
them. Kxings should always he made fronoi 
trigonometiioal points if possible, and if not, 
from points that have been carefully inter- 
sected or resected and checked. By this means 
errors are prevented from accumulating. 

(i.) A Flam-table Traverse. —The plane-table 
is not suitable for use in forest country, where 
sights to distant objects can seldom bo ob- 
tained for fixing the positions, but it may be 
necessary, even in generally open country, to 
follow a stream or path where ordinary fixings 
cannot be made; in such a case it may be 
necessary to carry out a plane-table traverse. 
The plane-table is set up and oiiented at the 
start of the traverse, and a ray drawn in the 
direction of the first leg (all legs should be as 
long 8is possible) ; the distance to the first 
station is measured and its x) 0 Bition marked. 
The 'table is then set up at this station and 
oriented by the back ray, and the direction of 
the second leg drawn, and so on. As soon as 
a position is reached which can be fixed by 
or^nary methods the traverse should be ad- 
justed as follows : if 1, 2, 3, . . . (> are the 
stations of the traverse and the true position 
of 6 be found to be f, draw lines 26, 3c, . . . 
through 2, 3, . . . parallel to 6/ so that their 
lengths hear the same proportion to 6/ as the 
lengths 1-2, 1-3, - . . boar to l-(i, then 6, c, d, 

. . . are the adjusted positions of the traverse 
points. If the legs are necessarily very short 
and the traverse long, errors in direction may 
accumulate rapidly, and it may be hotter to 
make a compass traverse and plot it afterwards 
(see “ Traverses,” ante § (11)). 

(ii.) QrajpUc Triangulcitian . — A graphic tri- 
angulation can he carried out if necessary, but 
this should be avoided if possible except for 
such special purposes as a prehminary rocon- 
uaissance for theodolite triangulation, etc. 
For such purposes a telescopic alidade should 
be used. Special care should be taken to get 
well conditioned triangles, and if possible 
the graphic triangulation should be tied in 
to a theodolite triangulation and adjusted 
to it. 

The above method of using the plane-table 
is the usual British ^ practice. 

^ (k F. Close, Teat-hook of Topofftaphical and Geo- 
graphical JSurv^ing <2n(l ed., 1913); Heport on the 
Topogra-phiedl J§un'‘ej/ of tAp Orange Free Mate, 1906- 
1911, published by the 'War Office, 1013. 


(iii.) Aniericm and Gonlinehtiil Practice , — 
This has been to use the plane-table foi* larger 
scale work, and to provide it with inoi'o 
elaborate adjustments for levelling and oiiont- 
ing. Telescopic alidades are used, and detail 
fixed by means of stadia readings, taken eithc^r 
from a separate instrument or by nioann of 
stadia hairs in the alidade telesc<)])o. 
method ^ gives the position and height of all 
points at which the stadia rod is held up to 
a distance of about I nxilo from each station 
occupied by the plane-table. 

§ (17) liA.lTE-TA.BLES AKl) ACOKSSOUTBS. — 
The British Army pattern of jdaiui-tablo in 
the simplest form and consists of a drawing- 
hoard 18x24 in. attaohahlc to a siini>lo 
tripod by a screw. The levelling is clone 
entirely by suitably placing the It'gH, Wlitm 



Fig. 3. 


the screw holding the to)) is slacked cdT, llio 
top can be turned horizontally. 
shows throe simplo patterns of piane-f*ai)U*H ; 
the centre one has a “ dohnson ” ball-iuid- 
socket levelling head. In this Ciiso the uppt^r 
(damping screw clamps tho top so that it 
cannot tilt but can rotate in azimuth until t ht*! 
lower screw is tightened. Smaller patt<‘ruH 
and stands with folding logs are also 
but folding legs, though niorc^ portal)lo» ari't 
apt to ho less rigid. It is (^onvotVuMii oti 
ground to have one log whoso length can ho 
adjusted. The paper is usually mounted (Ui 
linen, and then damped and stri^ched over 
the board, tho edges turned ov(T and 
to the back. When dry this forms a m»od 
smooth working surface which <lo(iH not cocklt*, 
but suffers from the disadvantage that tht> 

* J, B. .TohuHon, Theor]i and Vracticr of Surccffing 
(17th ed., 1914) ; Ocaftt and Geodetic Survcii Jieparf, 
1905, Appendix 7. 
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l)ai)er (listortu f.ousidorably oa being reiiioved, 
Hiid it ia impoaaiblo to remount tlie paper when 
unco it has boon taken from the board. Ab a 
roault tiio trigonometrical points can only be 
plotted after the pa]>cr is mounted, and if 
the Hold sIicmH lias to bo sent for further points 
to be plotted, or fur revision or amplification, 
the whole pliinc-tablo top luimt be aeiit, and 
no such work can usefully bo done wdien the 
jiapor has once boon <li«ni()uiitecl Evren if 
tlio paper is kept inountid a eortnin amount of 
distortion oeeiim, a» the table to]) itself exi>aiida 
and contraeda with varying m<,)i8ture, and does 
so uncvouly, expanding more across than 
along the grain of the wood. A. nxotliod 
tru^<l with some success iu India consists in 
luisting the Held shoest (preferably of Bristol 
board) firmly along ouo long edge of the 
])lano • table by means of a strip of cloth. 
The other throe sidi\s are cut so as to leave 
a .J-in. niargiu of plane-table to]). Strips of 
(doth are then juisted along the ui)i>er surface 
of the field sheet and the under Hurfaco of the 
plano-tahk^. ''I’lio doth is pulled tight Imt 
thc*» i)apor is not wetted. If the wood tiow 
shrinks the cloth will get slacdt but th(5 sheet 
will not cocUltv 

In any case of ]>aiier, lirisiol hoard, or paper 
mountiHl on wood, more i >r less expansion, etc., 
will take place; and although unifonu expiim 
siim or coiitmetiou can be roinediod by 
photography for iiuul re]>r()du(iiioii, it (soinplt 
cates the conipariHou of o<lgQs o£ adjacent 
shcMdH aiul the plotting of trigonoinctiioal 
})ointH, and if the expansion is not uniform 
it neccHHiiatKW re-drnwing for the final map. A 
nudho<l ‘ which aiipcam to ovoix^ouie all theso 
difliculties is to mount tho ])apor on Ihieti, 
and th<‘ii panto or glin^ t.liis down to an 
alunmiuin hIicoL 'Phe aluiniiiium ingrained 
to take the glue and is the samo siae as the 
top of tho table; the liiiiMi e.\ tends about II in. 
over the shU^H ami e>iids of Idle aluniinium 
sheet; these exU'iiriloiis provide overhanging 
llii [).s vvliudi lire stilTenoil i)y ahiininiuiu strips. 
'rii(‘ Haps are turned uud(M’the table i« »p, and 
spring hooks <*ngiige in holies iu the strips and 
llm w liole tiniily iit-tached to tlu* boaid 
(se(‘ /‘"/f/. -1). 'rii<‘ ])!a lie ‘till »le f o]) itwdf u(‘(id 
only l)i‘ a fra nicwnrk, iiinl t ho wholi* a rriiuge- 
meut is liglit(‘r tliiin t lio <»i'diriiiry ]>alU'rii. 
'rile field hIk'oIh form a perniaii<‘nt record 
wtiicdi eiui b<‘ iittiudied to or iletiielied from 
the plane-table as often ns may be r(*t|uimi. 

American Murv'eyom UHiia lly (di]) the* paper 
to the board, or idaiu]) il. down iiy eumit<‘munk 
HoreWH; the nse of tndluloid slK'tdrt with such 
eliunfdug Horews is satis fad ury, but (wen this 
is Iiai)l<^ to m >ekU*. 

Kor large-siMiU^ work, ])iirtieularly when a 
teleHcupur iiliditd(‘ is used, it is (U'sirahle 

* II. St. .1, l„ \Vli»t(‘rl)otham, /foj/a/ tJtipbtfm" 
Jifiinuil, lUUi, XXX. 


to have arrangements for more accurate 
lorelling, and both ball and socket heads and 
levelling screws are used for this purpose, 



Fia. 4. 


A slow*m()tion trarersing screw is also desir- 
able. Those attachmonts add considerably 
to tho weight of tho outfit. Fig. 5 illustrates 
such an outfit. 



Kl«». T). 


§ ( IH) Ar.tnADK. — Tho alidade or sight-rule 
should iw about m long as the short side of 
the tul)i(’i. I’ho simplest form consists of a 
wood ruUi with fokling sights, the back sight 
j having a vortical slit and tho fore sight oar^- 
I ing ii stretched vertical thread. The precise 
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parallelisin of the sight line and the edge of 
the rule is of no importance provided the 
same edge of the rule is always used. It is 
a great convenience, and with telescopic 
alidades almost essential, to have the actual 
edge used for ruling on an arm moving parallel 
to the rule ; this makes it unnecessary to pivot 
the alidade on the point, the arm being moved 
up as required after the alignment has been 
made. For ordinary small-scale topographic 
work based on an adequate triangulation a 
simple sight-rule is the best. 

The telescope, when used, should he similar 
to that on small theodolites, and he provided 
with stadia hairs, and with’ a vertical arc 



Fig. 6. 


and spirit-level for reading angles of elevation 
and depression. No iron or steel should enter 
into any part of the alidade or plane-table. 
Fig, 6 ^ows a telescopic alidade with parallel 
motion and “Beaman Are” (see also § (21), 

§ (19) AaoissouiES. — The most suitable 
type of compass is a simple trough compass, 
4 to 6 in. long, preferably fitted with a lid to 
protect the glass, and with a catch which lifts 
the needle from its pivot when the lid is closed 
(seeFif/. 6). 

For small-scale work no plumb-bob or special 
centring device is needed ; a foot or two in the 
position of setting up will make no difference, 
but in large-scale work the table should be set 
.up so that the plot of the point is vertically 
over the station mark. A plumbing bar is 
useful for this purpose. The illustration 
5) is self-explanatory. 


VI. Taoheomcetrtc or Stadia Siteveys 

§ (20) General Methods. — Tachoometry 
means literally ‘‘quick surveying,” and the 
general principle is illustrated in Fig, 7. 

O is the observer, AB a rod of known length, 
C being the mid-point of AB, and 00 per- 
pendicular to AB. Then if a is tho angle 
AOB, 

AB . a 

00= 2 cotg. 

If the rod he not perpendicular t<^ 00, but 
takes a position A'B', making an angle ^ with 
AB, then tho formula becomes 

AB .a 

00= 2“ gCoSjfc?, 

If 00 is inclined to tho bcmzontal by an 
angle 7, then the horizontal distance of 0 
from 0 is OC cos 7, and tho height of 0 
above 0 is 00 sin 7. If the dirootion of 0(1 
is known, then tho position of C,1 with respect 
to 0 can be determined at once from measure- 



ments taken at 0. This method is in many 
cases more rapid than chaining and lovolling, 
and especially useful where it is dillioult tu 
measure the distance OCJ directly. 

The practical methods of ap] dying this fall 
into two oases : (1) whore a is a fixed angle 
and AB is a gracluah^d rod, tlie iiitcrcopt 
AB being obaoivod from 0 ; this is gcuorally 
called stadia surveying; (2) where AB is a 
known length and the angle a is inoitsurcid; 
this is generally called the sul)tcn»c mctlied, 
though this term is used difh^rontly l>y (lifTercnt 
writers. In subtense work the angle a may 
either be measured by tho arc of u theodolite, 
or by a micromotor cyoi)ioc.o in tho Itdm^opc. 

§ (21) Stadia Wouic. --Tlu^ angU*! a is 
determined by two ero.ss haim in tho focus of 
the tolesoopo, and tho portion of the graduated 
staff (stadia rod) iiitorccptc'd by tlicHo two 
cross hairs is road off. The stadia rod is 
either an ordinary levelling rod, or a similar 
rod with rathor larger diviHi<jns f<»r use at 
long ranges. Stadia methods arc clnofly of 
use in filling in the detail in large-scale topo- 
graphic work. 

(i.) General Methods . — In Fig, 8 0 is tho 
object-glass of an ordinary tolcscopo of focal 
length /, S is the rod, the irnngo of AB (length 
1) being formed at ab where or and b are tli(^ 
stadia hairs of the telescope at a fixed diHtan(HJ 
35 apart, V is the vortical axis of the tolosconc. 
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c is the distance VO, e tho distance FS, where 
F is tho first focal point of the ohject-glass. 
A ray of light from A which passes through 
F will meet the object-glass in a' and be 
refracted parallel to the optical axis to the 
cross hiiir a, similarly wnth a ray from B. 
Tho figure shows at once that e/Z=//i), and 
K-e+/-Hc = (;/p)/-l-/ + c, irrespective of the 
distance the cross hairs ab have been racked 
out in order to focus tho staff. Here p, /, 
and c are all constants, so wo can write simply 
whore h and m aro constants. The 



cross hairs are usually placed so that h = 100, 
but sonu'itiines h =0C (in which case I in foot 
gives fl in chains), or k “2(K) (for long-distance 
work). The value of m =‘./+o can bo obtained 
with sufliciont accuracy by measuring tho 
distance (/) fnmi the centre of tho object-glass 
to tho diaphragm when tho telescope is focussed 
on a distant object, and from tho centre of the 
objoct-ghiBH to tho vortical axis (<;). 

It is usual in stadia work to hold tho 
rod vertical, as being more convenient than 
holding it horizontal and perpondioular to 
the lino of sight, or porpen<iicular to tho lino 
of sight in a vortical plane. This results in a 
rather more complicated formula. In Jfig* 9 



T is tho iustruinont, S foot of tho rod, 
(J the mid -point boWocn A au<l B (tho points 
road on tho staff), P tho projection of H on the 
horizontal piano through T ; th(ui tho distanc^c 
T(J is cos a -f 7/1, the horizontal distance 
TP i« kl cos® a + w cos a, and the difTcrenco in 
height PC is U oofi a sin a -I- m sin a. If tho 
(lifT(‘rcn(!o in height of the ground at S and 
is rorpiin^d, the height of tho instrument 
inust h(' ad<le(l to PC and tho distance (aS 
Huhtraoted, 


When the stadia method is used for plotting 
detail and fixing points which will not he 
used for fixing further points by calculation, 
there is no object in measuring the distance 
to a greater degree of accuracy than it is 
possible to plot. A point cannot be plotted 
with a greater accuracy than about ba-> 
consequently on a scale of an error up 
to 2 feet in the length- is of no importance, 
and with smaller scales still larger errors 
have no effect. For such purposes, therefore, 
the constant m can he neglected. In the same 
way the reduction to the horizontal can always 
be neglected when the slope is less than 2° 
and generally up to 6°. If stadia traverses 
are being run, and the co-ordinates of the 
stations calculated, then greater accuracy is 
req[uired, and 7n should be allowed for. Tables 
of cos® a and cos a sin a are given in most 
text-books dealing with stadia surveying. 

It is always desirable to check the interval 
between tho stadia hairs, and to check whether 
they aro equidistant from the centre cross 
hair, and for accurate work this should 
always be done. However accurately the 
makers have spaced the cross baits, the value 
of k will vary owing to atmospheric refraction. 
Tho rays of light from the staff to the telescope 
are not straight lines, but o.re almost invariably 
conoavo downwards; and the amount of this 
bonding not only varies with the state of the 
atmosphere, but also depends on the height of 
the ray above tho ground, consequently both 
readings of tho staff will bo too low, and the 
lower reading will have a greater error than 
the upper. Tho result is that the value of k 
depends on the atmospheric conditions, so it is 
desirable to determine k for the average condi- 
tions actually met with. The determination 
can be made by setting up the rod at known 
distances from tho instrument, when each 
reading will give a value of /j if the value of m 
has already been determined by measurement. 
Tho conditions should bo as nearly as possible 
those that wdll bo met with in the work in 
hand, and speciially favourable conditions 
should not bo chosen ; tho moan value of k 
found should he adopted in calculating tho 
work. An incorrect value of k will affect 
the scale of tho resulting map, so if traverses 
are being run between trigonometrical points, 
a comparison of tho distance between two such 
points as determined by tho traverse with that 
<leterinined by tho triangulation will give a 
vahio for k which is a good average value for 
tho conditions of the work in question. If 
tho value of k to bo used is not a round number 
it is best to construct a table connecting the 
stadia readings with distance, and if this be 
tlono tho correction can be allowed for in 
the table, flome makers provide instruments 
with adjustable stadia hairs, but these are 
not to bo recommended as they are more 
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liable to accidental change in the value of h, 
and the saving in labour in reducing the 
results is very small. 

(ii.) AnallcUic Telescope . — With a view to 
obviating the necessity fcjr the constant 
Porro proposed in 1823 the use of a second 
lens (termed the anallatic lens) arranged as 
in. Mg. 10, whero G is the second (convex) 



lens, whoso first focal point is at F. A ray 
of light from A, striking 0 at a" and then 
passing through F', will bo refracted at of to 
a, od' being parallel to the axis. The distance 
d is fixed, and focussing is carried out by 
moving the cross hairs ab. This being the 
case a"b''=p' is constant, and if the linos A.a'^, 
By produced meet in X it is soon from the 
figure that B/i!=aj/p'= constant, and that 
R=Zh Also and as X is the 

virtual image of F', 


honoo 


'd-f x-f’ 

P'' P 


If the values of /, and d bo S(i chosen that 
X falls on the vortical axis of the instrument, 
the constant ui of the original formula is 
eliminated. The formula also shows that if 
the cross hairs are not quite correctly spaced, 
a small adjustment in the distance apart of the 
two lenses will enable the constant to bo 
corrected ; while this adjustment will displace 
the point X from the vertical axis, the eiror 
introduced will be so small as to be nogligiblo.'* 
This construction involves not only an extra 
lens, hut either a ni<iro bulky telescope or a 
falling off in its optical qualities, and it is 
generally considered that these disadvantages 
are not compensated for by the fact that no 
additive constant is required. It has already 
been pointed out that for accurate work it is 
desirable to use tables connecting the distance 
with the stadia readings, and if this he done 


the constant entails no ineonvonience, whilo 
for rough work it can bo ignoix'il, 

(iii.) Stadia Wor/: \rith I at omul FontsMiug 
Telescope . — A tolcscopo with a n«‘gnthM‘ 
internal foousHing lens huH many advautagt'H 
(see § (30), (i.)), and it inuHt^ he couHidoiTd lu>\v 
far this is suitable foi* Htiidia work. tSuch a 
telescope is illuHiriitod diagraiurnaiiniUy 
Mg. II. 1) and N arc tlu> < glass jukI 
— VO lens, with their lirst foiMl points at F and 
F% and focal lengths / niid J'. In t lu* iih«tMU*«‘ 
of the lens N, an imago ah of tlu' Htull wouhl 
bo formed at 1, clistaint /y from t ), when* 
l/L4l//a“l//, and tho si'/c <tf the iiiuigr 
p would bo such that h I /• H 

tho lens N be now iiisiTtcd, Iht* ray whicdi 
previously pawsod along kV'a*'Ui will In* 
rofracted by N ut y towards and 
will be a straight liu<s ruy fnuii A 


A 



Kid. n. 


passing through tho cx'nln* of M will md. I to 
refractod hy N l)ut will piiH.s thnamh u aiul 
a', aud an imago will In* (ttriiu'd w't V. 

Then, from tli<^ Hgurc*, 

// a'f/ CF A I) 

NF /' 

whore A is tho (listann** of cro k haiis 
from tho ohjoct-gljiHH, hf‘UO(» 

I, 'A 

//' 

Horo A iH IV ami I> iuiTcnHi'K im I. 

docroiiHPH. (livll I),j tho viilm* iit l> mIh'D 1. 
is very lar|2;o, »<i that. I) I),,, 1 d, then 

, /(flA-l)*), fM . 

■ 7'/ '77*^- 

As Is (wiiHtivnt. put 

r7~' ’ 

whence 


^ J. Porro, La TncTiiom^lrie, Paris, 1858 ; rcc also 
Zeits. histnmentmk,, 1882, i:>p. 117 and 157, and 
1885, p. 413 ; and A. E. Young, Inst. Oio. Eng. Troe. 
cxxxlx. Pt. 1. 


This shows that L vatk*?« with d n« writ na 
with I, and that no simple arcurnto htrinnla 
of tho form m lioldn. U in siinpUmt 



SURVEYING AND SURVEYING INSTRUMENTS 


817 


to consider A; as a constant and ascertain 
how m varies. 


Wo have 


A-Py J'+A-D 

p r ' 


honca 


-DHDAh/'A 
7' i-A-D 


Put Dqq ^nA, (a < 1), then 
. Ahiil-7i) \f'A .,^Aa-n)(/-^) 

Z+Ad-ap ^ "a- f 


/+A-l)oo 


A2(l-n)2 


- dHA -/) H- AiZ( 1 - 2/0( A -/) + AV(1 
A-(l-'70“-rf{A-/; 


- ci“( A -/) I ■ Aci( 1 - 2a)(A -/) + A»( 1 - 7fc)V 
-^^‘■^(A •/)-!rf{A-(l-2?i) f/(27iA~/)[ ' 

(L^/)A--'(l~/0^ 

A-(l-wy'^~rf(A-/) 

/aA-(l-7iy‘» 

" ->(A-/) f-ri -t /(2nA-/)}'* 

TIk^ error in unHunung that is E, where 

E L - klf hence 

/{A(l-2n)-df 

"'"A(l-2n)|/-ei‘ 

If wo put ww»jf as indioatod in British Patent 
25(122 of Bill), then K roduoea to - d), wliioh 

in zero when the tolcMcope is at st(dlar foc.us. The 
«>.pex of the taoheoinctric angle (point X of i%. 10), 
from wliioh the distance given by L*^kl is moasurod, 
is tlierofore in th(^ objeot-glasH for long distances, and 
movcvj slowly backwards as the range diminishes. 
Taking a telesctn^e with A ■“! ft., ft., 

tluMi ft., and E dot's not wnich ()•! ft. until Jj 

is ri'diioed to about 25 ft., heiKJO with such a telescope 
the error (uiuswl by taking li (11 is measunid 
from the vi'rlieal axis) will be about (I in. at long 
nioges and r<‘diuung to about 5 in, at 25 ft. Por 
d<*lJiil work this is <)uito negligibhi ; oven for accurate 
t-nivi'rsti work it is gcauwally negligible, as the (wrors 
du<‘ trO reading the stall, and r(ifra(dif)n errors, will 
h(' greater tluin this <s)rr('<Uion ihiUnhs tlie htngths 
of tlie sights average less tharj, say, 100 ft. In such 
a eaHl^ the eom'ction to be a})pli<id is best obtained 
by tlire<U. trial. 

If n be increasc'd th(‘ iipex of the taeheomotric 
angle is throwii baek, and tlu^ error in jissuiniiig that 
th<* t<'h‘HCope is anallatie is still further nsluced, but 
f(»r this a rat her short-tocus negative lens is niwossary, 
and the optical (lualitii's of t.h<^ Udoseope sulTor. (l^ce 
the Tranmeimui of tht Opfical J^ociel(f^ xxii. 20.) 

(iv.) Ammwy of Stmfia B'orA*.— ’With suit- 
ablo instruments and rods an a<5curncy of from 
1/200 to 1 /500 is obtained in individual sights, 
'rhis error is not systimiatie, and, therefore, a 
trav(^rH(^ of, say, 10 legs should have an error 
of from l/HOO'to 1/20(W), About J mile is the 


limiting length of sight for ordinary work, hut 
up to i mile can be used. An ordinary tele- 
scope, such as is used on a 5-in. theodolite, will 
read ordinary levelling rods up to about 400 ft. ; 
for longer distances the i^rft. divisions only 
can be read, and for over 1000 ft. the rods 
should be graduated in yards or metres and 
tenths, or in links. The error due to refraction 
increases as the square of the distance, con- 
sequently long sights should not be used -w'hen 
the line of sight is close to the ground ; such 
conditions are favourable for raind and accu- 
rate work with the chain or graduated tape, 
but unfavourable for stadia work. On the 
other hand, uneven, steep, or broken ground is 
more favourable to stadia work, which, under 
such conditions, will give quicker and more 
accurate results than chaining. 

If the stadia rod be held horizontally the 
refraction errors are eliminated, so far as they 
alloct the horizontal distances, but it is neces- 
sary to i)rovide a stand to support the rod, 
and to fit it with a sight to ensure its being 
liold perpendicular to the line of sight. This 
is generally not considered worth while. 

(v.) Special Instruments for Stadia Work . — 
Various special instruments have been made 
ft)r stadia work, but they have little advantage 
over an ordinary theodolite, provided the latter 
has a suitable telescope. Greater magnifica- 
tion and resolution are required to read a 
graduated staff then to bisect a suitable target 
with equal accuracy. 

An adjunct to enable the reduction to tlie horizontal 
etc., to be made rapidly, designed by Mr. W. M. 
Beaman, U.H. Geological Survey, is useful when a telo- 
H(^opic alidade is used for stadia working with a plane- 
table (see § (18)). In Fig. 9, if the angle of elevation 
a is such that (1P=ni!, and ignoring the additive 
constant m, we have 7il^kl cos a sin (L=\kl sin 2a, 
or if ifc««l()0, sin 2a « -0271. The values of a eorre- 
sponding to ?t=], 2, 3 ... are marked on a sup- 
plementary scale (known as the V scale) on the 
vertical are. In use the telescope is set so that the 
index corresponds with a mark {n) on tho V scale, 
and a full stadia interval can be read on the rod. 
If ilio centre (‘.ross hair then read c(«sCS), and tho 
dilhTenco between the stadia readings bo I, wo have 
the height of 8 above the instrument is PS, and 
j»S«fP(l-vS(l'tt 7 iZ-c. A second (or B) scale is 
graduated on the vertical arc so that any reading 
7)1 on this scale indicates that the horizontal distance 
is in per cent loss than the distance given by U. 
Prom Fig. 9, TP=AZ cos“ a«:^*2(l - 7a/100), hence 
sin*-® a « 77 i/ifc. In practice tho V scale is set exactly 
to a mark, in which cose tho B scale will generally not 
be on a mark, but by interpolation the percentage to 
be deducted on account of the slope can be estimated 
with Ruflicient accuracy. The alidade shown in 
Fig. (5 is fitted with a “ Beaman ” arc. 

§ (22) SuliTENSM Methods.— A “ Subtense ” 
bar, 10 or 20 ft. long, has boon used with good 
roHultH with an ordinary theodolite. The 20-ft. 
bar has discs 12 in. in diameter at its ends, 
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and is supported horizontally on a stand. A 
sight attached to the bar enables it to be set 
perpendicular to the line of sight. The angle 
is observed by the repetition method on the 
horizontal arc of the theodolite, some ten 
repetitions being taken. A 20-ft. bar can be 
used up to three miles with reasonable accu- 
racy- The angle can also be measured very 
conveniently by an eyepiece micrometer, a 
number of readings can be taken very rapidly, 
and the mean of, say, 10 should give a good 
result. A table should be prepared giving the 
distance in terms of the micrometer reading, 
and this table should be prepared from the 
results of actual trial. If D is the distance 
from the vertical axis of the instrument to the 
bar, L the length of the bar, M the micrometer 
reading, and / the focal length of the object- 
glass, and c the distance of the object-glass in 
front of the vertical axis, we have D = A/M + B, 
where A and B are constants, as iii stadia 
working. B=/-l-c and A depends on the 
graduation of the micrometer and on the focal 
length of the object-glass. This method is 
neither so convenient nor so rapid as stadia 
working, but as a suitable target can be bisected 
with greater accuracy than a graduated staff 
can be read, it may be more accurate, and it 
can be used for longer distances. 

Another method, sometimes used, is to hold 
the rod vertical and read the angles of eleva- 
tion or depression to the two targets. In this 
case (see Fig, 12), if the angles AOB, BOP are 
Q and ^ respectively, OP=AB/(tan 6 - tan 



and BP = OP tan 0. If a suitably graduated 
horizontal scale be fitted on the theodolite at 
a fixed distance below the horizontal axis, the 
values of tan B and tan 0 can be read directly 
by means of a microscope attached to the 
telescope and perpendicular to it, the divisions 
of the scale are uniform, and the fractions of a 
division can be read on a micrometer which 
moves the scale longitudinally. An alterna- 
tive arrangement is to elevate the telescope 
by a screw acting directly on an arm attached 
to the telescope so that the travel of the screw 
is proportional to the tangent of the angle of 
elevation. Various other arrangements have 
been made for giving more or less direct read- 
ings of the distance and height of the rod, but 


they are little used ; their advantages for the 
special work are small, and they reduce the 
convenience of the instrument for use as an 
ordinary theodolite. 

A variation of the subtense method is some- 
times useful for executing traverses whore 
triangulation or tape traverses are impossible. 
In this case signals are put up by an advanced 
party, and the angle subtended by those is 
measured as in the case of ordinary subtense 
work. The signals must bo c-arefully plumbed, 
or else arranged so that fiheir intersection 
with ' the ground can bo observed. The 
distance between the signals should sub- 
tend some eight to twelve minutes, and they 
should be placed in a lino perpendicular to the 
line of sight. A third signal for the actual 
traverse station is sometimes desirable in 
addition. When the observer reaches the 
position he must measure the distance between 
the signals with a tape. 

VII. Astronomtoal Dktrkmination 

§ (23) General.^ — Astronomical determina- 
tions are used in survey work for determining 
latitude, local time (hence, if Oroonwioh time 
be known, longitude), and azimuth, (,>r true 
north. For survey work on land the instru- 
ment usually employed is the transit theodolite. 
Where possible observations are made on stars, 
but the sun can bo used. It must bo remem- 
bered that latitudes, ott‘.., thus obttiined are 
astronomical latitudes and dilTer from the 
geographical values by an amount depending 
on the deviation of th(i })lun\b-lino. Astro- 
nomical observations of ])OHition give, there- 
fore, no check on trav(^r8e work, etc., xmloss 
the error of the traverse is liki^ly to be greater 
than that duo to the deviation of the ] dumb- 
line, as well as those due to the asl-rononucal 
observations themselves. 

§ (24) Latitude. — The usual method of de- 
termining latitude for survey purposes is by 
“ circum-meridian altitiules.” Tlu^ altitude df 
a star when crossing the meridian, togc^tluu* with 
the known declination of the star, gives the 
latitude. Single observations with a t-heodolite 
suffer from errors of colUmation, etc. (see art icle 
on Theodolite”), and are of little value; lumco 
pairs should always bo takxm. xisual field 
practice is to start observing eight to tcui 
minutes before the star reaches th(» meridian, 
and to take as many observations as })ossibio 
before transit, and an equal number after- 
wards. The observed altitude and time of 
each observation are booked, and the “ face ” 
of the telescope is changed after the first, third, 
fifth, etc., observation. The interval in time 
between each observation, and th(^ moment 
pf transit, being known, a correcti(m can bo 

^ Tor afltrononiioal (k^tonuinations for gcodetio 
purposes see article on “ (iravity Hurvey,’* Vol. lU. 
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appHod to the observed altitude to “ reduce ” 
it to the true meridian altitude. A correction 
must also be made for atmospheric refraction.* 
1 his (correction is always rather uncertain, but 
can bo largely eliminated by observing one 
Htar that transits to the north, and another 
that t-ransits to an a]>])r()ximately c(iual 
altitude to the south ; the mean of the pair 
will b(c larg(‘ly fr(*o from refraction errors. As 
refraction is more variable for low than high 
altitudes, it is inadvisable to observe stars 
at a loss altit.udc than 40”, Using a 0-in. 
luioromettir theodolite, and taking the mean of 
scweral pairs of north and south stars, there 
should be no dillicudty in obtaining a probable 
error of J to J second in the latitude. 

§ (2r>) OusiORVATiONs FOR TiMK. — Local time 
is obtained dinwitly from the moment any 
astronomical body, wdiose right aseension is 
known, crosses the meridian, and this is the 
nu^thcal employed in fixtal observatories and 
for geod(»ti(i purposes in the li(dd ; it is not, 
however, generally possible for surv(\y pur- 
poB(w. If latitude be known, and the 
altitude of a sttir bo obs(‘rved wluni it is 
some distanc^o from the nujridian, the local 
time of the (jhservation (uin be caUuilatod. 
The star is moving most rapidly in altitude 
when on the ijrime vertieal {i(\ due east or 
wtwt of the obwrv(^r), and this is the most 
favourahh^ position for ohsc^rvation. The 
latitiuh^ n(H*d not be known with any groat 
atumraey provided the star be observed lu^ar 
the priiiu* v(*rtieal. Obscwvat.ions should bo 
]mir<^d, as in tlu‘ (^aso of latitude obsc'rvations, 
both for (diange of faee of th(' theodolite an<i 
for (Mist and wi^st. stars. With a (bin. th(M)- 
doIit(» tln^re should bt^ n<> diflUudtiy iu glutting 
a probable error of | to i secuuid in the 
nwult. 

Other methods for determining latitude and 
tinu* are : 

S (2fl) Kqvai, AnTiTUDK Mktiiod.- This has 
eonu' into favour ree(*ntly. The simph^st form 
of th(» method is to ohs(‘rv(^ the rnoituad; a star 
HMudu'S a given altilmh* befon*. (crossing the 
nuTidian, and the moment it r(Mielu‘S the same 
altitude after crossing. Half-way b(t.w(‘(‘u 
thes(‘ two times the star must be on the 
mtM’biiun. laaiee th(‘ time* of transit is known 
and h(‘ne(» local time. This method is v(*ry 
simpb* and is independ<Mit of any knowledge 
(»f latitude and of such insirunuadal errors as 
graduation or eollinmtiori <UT<»rs, and is largety 
friM' from ntrattion <^n*ors, 'rh(‘ disadvantag(^ 
is that ih(‘ pair of obw'rvations must Ix^ taken 
at a (*onHidt*ralte interval of tinuM If tlm sun 
is uwxl a eorrcetlon must be made for the 
change in (hutinathm in the itit(‘rval. If a 
suee<*Hsion <t obHerviitioiiH is made on (lifter- 
(*nt stars, noting the tinu* each reaelu's th(» 

‘ See article on ” Held AHtrmuauy and Atmo- 
spheric Ititraetion,'' Vol. 111. 


fixed altitude, each observation gives an 
equation connecting time (hence chronometer 
error) with altitude, latitu(ie, and declination. 
The declination is known in each case, and 
the altitude and latitude are the same in every 
case, so three such observations give values 
for time, latitude, and the exact altitude 
observed. Further observations give a check. 
Gauss’ original solution entailed working out 
by least squares those corrections to the 
assumed chronometer error and latitude that 
make the observations best fit the condition 
that all the altitudes are equal. MM. Claude 
and Dricncourt have found an extremely simple 
and accurate graphical solution, which enables 
the results to be obtained with great speed. 
The preparation of a programme from the 
data given in the Nautical Almanac entails 
considerable work, as a suitable number of 
stars reaching the desired altitude sufficiently 
close together must be found and their azi- 
muths calculated. This work can, however, 
be done once for all for any range of latitude, 
and Messrs. Ball and Knox Shaw have tabu- 
lated sidereal times and azimuths of some 
17,000 star passages for an elevation of 60°, 
including only Nautical A Inianac stars of fourth 
magnitu(io and upwards and latitudes from 
55” S. to 55° N., based on the star places given 
in the Nautical Almanac for 1918. The tables 
will in time go out of date owing to change in 
declination, but they should serve for topo- 
graphical survey work for some fifteen years. 
The advantage of the method lies in the fact 
that an exact knowledge of the altitude is not 
iuu?(issary, hence changes of face are not re- 
(piirod with the tlK'oclolito, nor determinations 
of the index error with a sextant. The method 


can ho used with an ordinary theodolite or sex- 
tant, but is Rimy)lcst with the prismatic astrolabe 
(h(M) artick^ on “ Gravity KSurvey,” Vol. III.). 

§ (27) Taloott’h Mkthod (see article on 
“(i!ravitySurv(\y,”Vol. III.). — Talcott’smothod 
is anotlu^r excellent method for determining 
latit.ud(s and can be used with a theodolite 
provid(Hl it be fitted with stops to enable it 
to b<^ turmxl exactly 180° in azimuth, and 
with a mitiromotcr (^yc})ioco.‘* With such an 
instrument the ])robablo error of a single pair 
of observations should bo about 0-7 second. 

(28) Dktiorminatxon of Azimuth.— T he 
azimuth of a heavenly body is the 'angle 
b(dAV('(m the meridian plane of the observer 
and the v(,‘rti(‘al plane passing through the 
body; thus in astronomical work the azimuth 
is always measured the shortest way from 
the elevated polc\ In triangulation work® the 
azimuth of a terrestrial object is always 


* Hce “ Dosoriptlon, A(ljufttm(*ntH, and Methods 
of ITh<s of th(^ (Huch Micromotor Theodolite, 1912 
J>att^‘rn, etc.,** Jtulletin iU of the Canadian Topo- 


graphic i<ur\'ey, , 

a ,S<M* (!. F. dloflo^ Text-book of Topographical and 
Orngraphical Surveying, 
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reckoned from the south by the west. If the 
latitude be known, and also the declination of 
a heavenly body and its elevation at any 
moment, its azimuth at that moment can be 
calculated. To determine the azimuth of a 
terrestrial object, i.e. to determine the direc- 
tion of the meridian, some reference object 
(RO.) is required; this must be a lamp by 
night, and in any case must be at such a 
distance that it can be observed to with the 
telescope at stellar focus. In observing on a 
star the R.O. is first intersected, and the hori- 
zontal circle read, the bottom plate being kept 
clamped, the telescope is swung on the star, 
and the horizontal hair set slightly in advance 
of the star, while the vertical hair is kept on 
the star by the slow-motion screw. At the 
moment the star passes the intersection of the 
cross hairs the slow motion screw is stopped 
and both vertical and horizontal circles read. 
It is desirable also to read both the micrometer 
arm, and the striding, levels. Face is then 
changed and the star and R.O. again inter- 
sected. This completes one set of observations 
on one star. Observations should always be 
paired as in other astronomical work. It is 
also desirable that the star should not be 
moving rapidly in azimuth, or a small error 
in the observed altitude will produce a large 
error in the result. The best time for observing 
is when the body is in the prime vertical or 
when a oircum-polar star is at elongation. 

If local time be known, the azimuth of the 
star can be calculated if the instant of observa- 
tion be observed instead of the altitude. The 
observation in this case is somewhat easier. 

In all cases of astronomical observations for 
azimuth the levelling of the instrument is of 
great importance, and. it is very desirable 
that the striding level should be used and any 
dislevelment of the horizontal axis allowed for. 

vm. LsVELLINa AND LeVEIjUNG 
Instbumbnts 

§ (29) Levelling.— Levelling is the art of 
determining the heights of points on the 
earth’s surface, and the term is generally 
restricted to the method by which the 
difference in height between neighbouring 
points is directly determined by reading 
with a horizontal line of sight on graduated 
staves held vertically at the points. If a 
graduated staff be held vertically at a point 
A, and read by means of a horizontal fine of 
sight from a point P, the reading gives the 
difference of height between points A and P. 
If the staff be now held on any other point B, 
and again read by a horizontal sight from P, 
the height of B over A is given by a - 6, where 
a and h are the readings on the staves at A 
and B respectively. The reading a is generally 
called the “ back sight,” and the reading b 


the “fore sight.” It is obvious thiit tho 
points A and B must be (U)in])arativ(*ly (‘lose 
together, and that the diftenuu^e in height 
obtained is with referene-o to tin* horizontal 
piano through P. As the surface of ihe eailh 
approximates to a spluu’e rather than to a 
plane, tho reading a is stibj(*et to a small 
correction duo to tho earth’s eurvatur(^, aiul 
similarly with 6. If th(' distanci^s from P to 
A and B are equal these (^orrecd-ions will also 
be equal in magnitiude and sign, and conse- 
quontly tho dilTerence a-b will also givti the 
correct difforonoo in height when ndtUTod to 
a spherical level surface. The error introduc^ed 
by tho assumption that tlu^ earth is a sphere* 
is quite negligible in levelling oixu'atioim. 
If the points whose difTen*m‘e in height is 
required are so situated that th<‘ stav(‘H h<‘l<l 
on them cannot both bo n^ad from one posit ion, 
a series of intermediate points is used, and 
their heights cloterniined sue(‘(‘ssiv(‘Iy, 

§(30) Levelling Jnstuument.- level- 
ling instniincnt eonsists esstudially of wunc 
form of sighting a])paratuH, the liiu* of sight 
of which can bo set in a horizontal plane. 
Tho simplest form consists of a water-l(‘vcl. 
This is illustrated in 13, and consists 



two vertical glass tiilx^s A and B eonntxdcd 
by horizontal tubes, and niounbxl on a stum I, 
The tubes are partially lilhxl with coh»un*ti 
water so that tho surfmu’i of th<* waiter is 
visible in tho glass tubes. A line of sight 
taken across tho water surfao(*H is ne*<‘t‘HHariiy 
level. Tho instrument is vi'ry simph^ and 
cannot get out of adjustment. ' On the oth**r 
hand, it is impossible to take long or neeuratc 
sights. 

(i.) Tlie> Ordinary IjrtrlUny Imtrumrni, - 
This consists of a sighting lekwopt* with n 
spirit-level attached so that tlu* eolHmatir>n 
line can bo set horizontal. Tin* im(K>rtant 
points arc that tho lino of sight of the teh'seojH* 
shall be horizontal when the huhhlc' is in 
some known position in its tuh<*, and that 
the telescope can bo turned in any direction 
without altering its height. 

The telescope is generally (►f the astro- 
nomical typo giving an invc^rUxl imug(*, ainl 
using an eyepiece of tho Kamsden typo. 
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Cross hairs arc ])rovi(lccl at the focus of the 
object-glass to dchn(‘ a definite lino of sight 
or colUmatioii line. In order that the line 
thus determined may not vaiy as the distance 
between the object-glass and the cross hairs 
is altered in the process of focussing, it is 
necessary that the cross hairs should bo 
accurately on the optical axis of the object 
gltiss, and that the mechanical guiding of the 
moving portion should be true. 

Tolo8ct)j)cs with an iiitcnial focussing lens 
have been introduced lately. These have the 
cross hairs rigidly fixed in the tube carrying 
the object-glass, while the focussing is carried 
out by means of a negative lens moving 
between the two. In FUj, 14, A is the object 



glass, 0 the negative lens, and S the diaphragm 
carrying the cross hairs. The focal length of 
0 is /, and its axis is supposed parallel to that 
of A but distant e from it. A ray i)assing 
along the axis of A will then bo deflected by 
0 and moot the diaphragm at a disitinoe x 
above the axis. It is HO(m at once from the 
figure that x ■ yejf, where y is the distance 
between () and H ; as in f)ra(?ti(!e / is throe or 
four iimt‘H ?/, a given eccentricity in (,) prodiKJos 
only one-third to ono-fourth the change in 
collimation that would he produced by an equal 
movement in A or S. Not t)nly is the efloct 
of variabk^ ('ccentrieiffy reduced by this means, 
but it is easu'r me<*lianieally to provide true 
guides for an initTual lens than for the objoct- 
glasH or diaphragm and oyojneoo. A furtluT 
advantagf' of this arrangc'immt is that wlum a 
glass diapliragm is use<h the telescope can bo 
made air- fight, and <!oiiHe(|Uently dust- and 
damp-proof. An iiif(‘nial positive lens could 
bo usc'd in the saim^ manner, but at the 
exfxmHO of com i)a<'f ness.* 

Althougli h is possible to rcdina' the change 
in (tolliniation of an insf nun<‘nt< to a very 
small amount hy suitabh* design and good 
worktuansliip, it is impo-ssihle to eliminate 
it entirt^ly. Kor the most ac^c.uratc work it is 
possible and nc<!eHsary so to arrange the 
ohsorvations that errors due to this cause will 
(cancel out, 

(ii.) TJie, Dumpy level is the typo most 
generally used, and is the Ritnplcst typ(^ It 
consisfiH of a t{*leMcope with a spirit-level 
* H(*o TnUrumntmk.f p. 320. 


attached on the top or side, the support of 
the spirit - level being sometimes cast in one 
piece with the telescope tube. The whole is 
mounted on a vortical axis and provided with 
the usual levelling screw's. A clamp and slow 
motion in azimuth is g^erally provided for 
convenience in directing the telescope on the 
staff. ‘ When the instrument is in adjustment 
the axis of the bubble tube is parallel to that 
of the telescope and perpendicular to the 
vertical axis. In use the instrument is set 
uj) and focussed and the vertical axis set 
vortical by means of the levelling screws 
and bubble in the usual way. If the instru- 
ment is in adjustment the collimation line is 
then horizontal in whatever direction the 
telescope is turned. The adjustments can be 
checked and corrected as follows : 

(a) Gomcidence of Collimation Line and 
Axis of Telescope . — Drive in three pegs A, B, 
and 0 {Fig» 15) so that AB= BO = about 
200 foot. Sot up the instrument half-way 
between A and B and ascertain the difference 
in level between A and B. If the instrument 
is equidistant from A and B any errors in 
adjustment will affect the two readings 
equally, so that the true difference in level 
will be found. Similarly, find the true differ- 
onco in level between B and C. Then set up 
at c as close to A as it is possible to focus the 
staff, road the staff on pegs A, B, and 0. 



From the known correct differences of level 
oomputo the correct readings on B and C 
corresponding to the now reading on A. If 
the cross hairs are on the telescope axis the 
error at (1 will bo twice that at B, or more 
(JoiToctly in the ratio cCycB. If the cross 
hairs are adjustable any error found can be 
correcUid. If the instrument has been well 
made and adjusted by the maker no correc- 
tion should bo neccHsary. As the screws for 
adjusting t.h(^ csross bairs (if provided at all) 
an^ iKKtessarily small, the loss they are used 
the bettor, iis if they become loose or worn the 
insfcrumetit cannot hold its adjustment. 

(6) Parallelism of Bubble Axis and ColUma- 
turn //Uic.*— With the instrument at point c 
(}iH in above), set tlie cross hairs at the correct 
reading on staff at B and then bring the 
{)uhble to the centre of its run by moans of its 
adjusting screws. Check tho reading on the 
staff at A, and if this has not altered tho 
adjustment is oorroot. If a considerable 
alt(watiou has boon made to tho bubble screws 
the rcMuling on A will have boon altered, and 
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tho operation muat be repeated until the 
adjustment is correct. 

(c) Bubble Axis Ferpendicular to Oie V&'timl 
Axis. — Place the telescope parallel to tvv^o of 
tho lev^olling screws of tho inatinuneut, and 
bring the bubble to tho ccatrc of its run, 
then turn the toloscopo through 180° so as to 
reverse it end for end. If the bubble is still 
in the centre of its run the iulJuHtniont is 
correct ; if not, correct half tho error tho 
foot screws and half by the screws under tho 
telescope supports, if sueh bo provided. If 
no arrangement is made for this adjustment 
the bubble axis must be made porjicndicnlar 
to the vertical axis, and tho oollimation lino 
made parallel to the bubble axis by moans of 
test (b) and moving the cross hairs. If 
this introduces any serious error in lost (a), 
which is unlikely, the noccssary adiustinont 
can only be made by an instrument- maker. 
With modern methods of manufacture, and 
with, a machined telescope tube, there is no 
difficulty in making tho axis of the tedonoopo 
perpendicular to the vorticml axis with siilH- 
cient accuracy for ordinary purjjoscjs and 
without any special adjustmont for the pui’- 
pose. The cross hairs onn then bo fixo<l in thoir 
correct positions, and tho only ndjiistmeiit 
that should over be required to be made by 
the user is to make the bubble axis porpoii- 
dioular to tho vortical axis. 

It should bo noted that for orclinary lovolHug 
an error of a few seconds of arc in the adjust- 
meat is of no importani^o. b^'or procuHo 
levelling it is necessary for a variety of rcasonH 
to make tho foro and back sights of equal 
length; and if this bo done any adjuKtinout 
errors cancel out, i)r<)vi(l(Ki that there in 
no change of adjustment l)ofc>voen the two 
readings ; us in this case it is not neecmary 
to refocus between the rea<liiigH, t.ho ('xa<!t 
oollimation is also not uec<^HHary. It is whuu 
therefore, that for preeiHO work also an ex- 
tremely go(3d adjustment of tho insbru incut is 
not required. 

(iii.) “ r ” Tjsoels, — In this type of level 
the telosoopo is provided with two eylindricnil 
collars; tho two collars siiouhl form' parts of 
the same cylinder, with the same a.xis as the 
toloscopo. Tho CO 11am I'cst in Y’s, and the 
bubble tube is attached to tho hdiHflt'opc, 
The toloscopo can be rotatiMl in tlu^ Y’h and 
also rovorsod ond for end after opening tho 
clips which hold it in poHiUon. The adjimt- 
monts arc carried out without tho imi of a 
sta.ff as follows ; (1) Tho teleseopo is directed 
on to some distant object, which is biscettwl by 
the horizontal cross hair. The toloHcoixi is then 
rotated in tho Y’s through 180®. If the object 
is still bisected, tho collimaticm line i» oo- 
incident with tho axis of rotation of tho 
telescope; if not, half tho ap[>aront error ia 
correotod by tho diaphragm scrowa. This 


lu’ings iluMuilIiniaiion line coiiuMdcnt with the 
axis of rotFation. (iJ) Th(‘ huhlile is tlicti 
brought to the eoiitrc of its run by nu'UiiM of 
tho foot HoroWH. It in thou liflo<l'outF <*f the 
Y’h and revi^mvl end for tMul. If the bubble 
nunaiiiH in tho cent riM>f ilw run it is in luljuKt- 
mont; if iu>t, half l.h(‘<‘rror is eorreeted h.vdu‘ 
bubble ndjuHtiug hcm’owh, luul half by the' foot 
acrewH. This hriiijgs tlu‘ bubhio ii.xiN parallel 
to the axis of roUthm of tho tide^aeope in (he 
Y’s. (II) ^rUe vtM’tieal a .xis is then made vcrtu*al 
in the UHunl way (see urticU' eu “Spirit-levidK,’' 
§(5)), and if the buhl>l(‘ iHU(»tth<'U in tluoauit its 
of its mil it is brought tluTe byiiu'iiimnf the 
Hcivw provichMl for ruiHiiig or lo\v(M*ing » »no of 
tho pillai'H supporting tho Y"ii, 

Tho above adjustineiits aHsiinio that the uxm 
of the collars com<‘i<hm with tin* optical nvis 
of tho ohjeebglasH. TTiiw oun Im' tentiMl by 
refloating tc^Hli (1) above on a noiir «»!>jeci. 
If tho a<ljuH|.in(Mit is <'i»rroet for a diHtant 
objoot, but not for a near one, tiie ctl>jeet-ghirtH 
itself lUUHl; bo niov(*<l, uml it is no|. as n nilr 
poHsibli^ to do Hum in tlu^ held. T’lie tuljiiMt- 
luent (2) assuiiK's t hut. tlu^ <*tdlurH h 1'4» of equal 
diamoh'r. Thin oun b<‘ tcHtocl by niean.H of a 
striding lovtd. Tlu' striding levid U phunl on 
the collars, lunl tho bubblo hniu^bt to the 
ooiitrcof its run by iitmuis of foot serows. 
Tho teUwopiMH theiir<'verHi‘tl eml foreutljiut 
the striding h‘Vol is nqilaetul in its original 
position. If tlu* bnbbtr Ih no baiger at the 
ooiitro of IIh run the eollarM are of uiUMpial 
(liaiueUnu 

Tho Y level HuffcTs from tin* diMudvantnve of 
a large number of adjimling Herov\H, nny one of 
whioh is liable to work loose. If the collars 
b(5l{onu^ worn or (him aged in utiy way, or if 
duMt or dirt, got ( between the o« 41hi h and I he Y w. 
they eiimiot l)«‘ used with wif»'ty for adiUatiuK 
purposes, and tlie instrument is’in* l»etler tbiin 
a Dumjiy level as reijanls of iutju».tinei»t, 
ami is more liable to get i»ul ..f meiit. 

(iv.) (.'(iiihr'ft Urn mbit Tbii im on tho 

Bumopriiieiple aslbe V hvcl; hut instead of the 
teloHoopc* Collin'S I leinp. supported on \ '>i 
are supported in elo,4idy lit liiaMbir iftoiu 
Urn tsiewoope I'un be witlulraun buejuttuiinallv. 
,rixo bubhU* tube is Iim'iI to l|it' tiu;tn*s and led 
to the tideaeope diriM t. 

§(Ill) I’uHeisi; hi;\ r.i,s. D’Vellirut itntni- 
nicnts for |»ri‘eiw worK anMleni^ne'il on iniirli 
tlu' sumo lines, 'riny are provitleil with more 
HenHitiv(> buldiles nnd more |o*\ve((nl tfle 
Hoopes. hut thf ehief dilfcriua e i‘4 tliuf they aio 
provided with iiaerew for tiltiiuj: tlu* teloieopi* 
with the bublde uttnclusL imlc|Hutdrntly of the 
hwelling HerewM of the intdrurneut. nnd no 
attmupi in made to hcI up the vnliejil 
tnjl.vv(»Hienl. The Imbble io brought to (he 
oentm of its rnii itp r the telcscojst* hnn hc»“ij 
dimded on the htutf. A mirror or preun 
amuigeimmt is pnaddol ^o that (he (flearut 
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call SGO that tlio bubble is sot corroctly at 
the moinont the observation is taken. This 
arrangement is very convenient to use, and is 
to be recommended for all levelling work, 
except possibly where a large number of staff 
readings are made from each })()8ition of the 
instrument, as when running cross-sections or 
when contouiing. 

(i.) French Pattern .^ — This pattern is of the 
Y typo, and the bubble is fitted as a striding 
level. Two readings are taken on each staff — 

(1) with the telescope and bubble in their 
normal position, and (2) with the telescope 
rotated through 180® in the Y’s and with the 
bubble revorsed end for end. 

(ii.) Coast and Geodetic, Survey (UM.A.) 
Pattern. — This pattern consists of a largo 
Dumpy level with the addition t)f a tilting 
screw. The telescope tube is of invar, and the 
bubble tube is sunk into the teloscoj)e tube so 
as to bo as near the telescope axis an<l as well 
protected from temperature changes as pos- 
sible. The bubble is viewed by a system of 
mirrors and prisms. The tclesctope is of high j 
power and the bubble very sensitive ; in eonse- 
quonco the instrument is heavy. There are 
only two adjustments, viz. a screw for adjusting 
the bubble tube parallel to the collimation line, 
and an adjustment for the cross hairs. It is 
very suitiiblo for use on level ground where 
long sights can bo taken. ^ 

(iii.) Xteiss Pattern . — This was designed by 
Dr. Wild, and has a telescope of Hi)ecial con* 
struction. 'riiero is no draw tube, and an 
object-glass is lixed at each en<l of a rigid tube. 
The obj<U5t- glasses are of e(iual fot^al huigth, and 
each has a set of cn)ss bains engrave<l on it. 
The eyoi)ie(^e can bo attae.he.d at either end. 
Tho focussing is carried out by aii internal Ions. 
The bul)blc is attached to tho telescope tube at 
tho side, and is viewe<l by the special f)rism® 
arrangement. I’lie telese.ope is capable of rota- 
tion round its axis through an angle* of 180‘\ and 
carries the l)ubble with it. Tlio bubble being 
ground to a barrel shape* can be used in cither 
position. Tho adjuHf.m{‘ntr is carried out in a 
spedal manner. A staff is set up at a eon- 
veni(mt <listance, and four r(*adings are taken 
as follows ; 

(1) Normal working position, btd)ble to left, 
prism bo.K up. 

(2) Hubbh^ to right, prism box down, 

Tlu^ (^yepi(u^(^ is tljen placuul at the other end 
of tho telc^scuH)e, which is rotate<l 18(1® in 
azimuth. 

3) Bubble to left, prism box down. 

(4) Bubble to right, prism box up. 


> S(*o ('ll. l>an<‘mand. *’ Nlv<*n<‘mcnt. <1(* luuiio 
pr<tclHlon,” being the third part of *' I^cycr dcs 
plans <4 nlvellciiient ” of th<* HnniclupMn* den 
Trueaux J*uhlieH. , ...... 

■ Kor full (lcscrli)tlon f '. and (L *S. Report^ IhOO, 
p. 521 ; lOOlJ, 1>, 200. 

“ ace Hpirlt-levclii,” § (10). 


The bubble is brought to the centre of its 
run by moans of the tilting screw, before each 
reading is taken. Tho mean of tho four 
readings is correct, and if the mean is the same 
as reading (1) tho instrument is in adjustment ; 
if not, tho telescope is tilted until it reads 
(sorroct in position (1) and tho bubble tube 
adjusted as necessary. It will be observed 
that in those four readings two collimation 
lines are used, the first in ])ositions (1) and (2) 
and the second in ])ositions (3) and (4). The 
mean readings (1) and (2), and also tho mean of 

(3) and (4), are free from collimation error. 
There are also in effect two bubble tubes, the 
first used in ])oHitions (1) and (4) and the 
second in (2) and (3). The moan of readings 
(1 ) and (4) and tho moan of (2) and (3) are each 
free from any error duo to tho bubble tube not 
being parallel to tho collimation lino, hence the 
mean of all four readings is free from collima- 
tion and bubble orrom. Tho method is simple 
in use, and tho instrument holds its adjust- 
ment remarkably well owing to tho absence of 
any <lelicatc adjusting screws. It is doubtful, 
however, whether the complication of the 
second object-glass is really justified. A 
simple Dumpy level with a tilting screw, and 
tho bubble mounted and viewed as in this 
pattern, would appear to bo all that is required. 
Tho instrument requires adjusting so seldom 
that tho slightly increased labour involved in 
adjuHi.ing by tho ordinary method will hardly 



Kio. l«. 

bo noticcHl. Fhj. Ifi illustrates such an instru- 
ment. 

(iv.) Plate. Micrometer.-^lt is more accurate 
to biwud. a division on the staff than to estimate 
the residing of the cross hair when it falls 
betwt^im two divisions. This can bo done most 
rea<iily by mounting a thick plate of glass with 
parallel sides in front of the o))j<i(5t-gla8S. If 
tho plate be [lerpendicmlar to the axis of tho 
tcl(wcoi)e it has no effect on the reading, but 
if it. b(^ tilted about a horizontal axis tho rays 
of light are dispbu^ed v(^rticaUy by an amount 
depending on the thickness and refractive 
ind(^x of the glass and tlie angle of tilt, hence 
by tailing the platen the staff (}ari bo apparently 
raised or low(wed till tho cross hair intorsocts a 
mark on tho staff. Tho displacement can be 
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read off on a suitably graduated drum con- 
nected with the plate. The displacement is 
read direct, and no calculation involving the 
distance of the staff is required as is the case 
when a mark is bisected by tilting the tele- 
scope. With a 30-power 
telescope, and a suitable 
arrangement of cross 
hairs, the third place of 
decimals of a foot can be 
read accurately up to a 
range of 100 yards and 
the fourth place estimated. 
The form of cross hair 
shown in Fig. 17 is con- 
venient for this pui’pose, the > being placed 
over the line on the staff. 



Tig. 17. 


§ (32) Levelling Staves. — ^The usual level- 
ling staff is made of wood, with the graduations 
painted on. The divisions are either feet and 
hundredths (sometimes fiftieths), or metres and 
centimetres or half centimetres. The gradua- 
tions are usually of the same thickness as the 
intervals between them, giving a checker 
pattern. Many different patterns have been 
devised with a view to ease of reading and 
avoiding mistakes. The most suitable staff 
for precise work is probably one with simple 
line divisions, the divisions just thick enough 
to be read at the longest range required. This 
applies especially when a plate micrometer is 
used, in which case divisions of or 

J centimetre are most convenient. As the 
telescopes generally used are inverting, it is 
convenient to have the figuring on the staff 
also inverted. For ordinary work folding or 
telescopic staves 14 or 15 feet long are con- 
venient, but for precise work they should be 
in one rigid piece, and 10 feet is long enough. 

“ Target rods ” are sometimes used, having a 
movable target on the face. This is adjusted 
by the staff holder by signal from the observer 
at the instrument, so that it is bisected by 
the cross hair, and the reading is taken by 
means of a fine scale and vernier on the 
staff. This method has proved to be neither 
so convenient nor so accurate as a staff 
read direct from the instrument, but may 
bo useful where an occasional extra long 
sight is required. 

Wooden staves are liable to change their 
length with varying humidity ; a variation of 
3 to 5 parts in 10,000 may be expected from 
this cause. This is serious in precise work in 
hilly country. If such staves be used their 
length must be checked at regular intervals 
either by a standard bar or otherwise. A 
method due to Colonel Goulier, of the Commis- 
sion du nivellement g6n6ral de la France, is as 
follows t Two bars of iron and brass respec- 
tively are run up the centre of the staff, being 
secured at the foot of the staff and free to slide 
elsewhere. They carry at their uppor ends ^ 


marks which are read against a scale fastened 
to the wood of the staff. The combination of 
the two rods forma a metallic thermometer, so 
that from the readings their true lengths and 
also that of the staff can bo found. Since the 
introduction of invar one bar of this material 
has been substituted for the two of iron and 
brass. Staves graduated direct on invar 
have been used by the 
Ordnance Survey ; there 
was considerable diffi- 
culty in obtaining these, 
hut the Cambridge 
Scientific Instrument Ck>. 
finally provided some of 
such accuracy that the 
staff readings could be 
used direct without cor- 
rection for temperature 
or graduation errors. 

If the staff be not 
held vertical when the 
reading is taken the 
reading will always b(^ 
too high. A common 
method of dealing with 
this is to swing the staff 
and estimate the lowest 
reading of the cross hair ; 
this, however, decreases 
the precision of the read- 
ing. It is equally quick 
and much more accurate 
to hold the staff vortical 
with the assistance of a 
small circular spirit-level. 

In this case some means of holding the staff 
steady must be omj)loyod; that illustrated in 
Fig. 18 is convenient. 

§ (33) Staff Supports, — The stability of 
the support on which the staff rcists is of great 
importance ; it is obvious that if this changes 
its height between the forward reading to the 
staff from one position of the instrument and 
the back reading from the n(',xt position, an 
error will be introduced. Kor ordinary work 
it is convenient to use a small metal tri})od 
pressed into the ground ; for precise w'ork a peg 
(either wood or metal) driven in is* gcuicwally 
used, but the actual support uscul must 
depend on the nature of the ground. 'Pho 
error caused by the instability of the staff 
supports is one of the most important in long 
lines of precise levelling. 

§ (34) Bench Marks. — The ordinary bench 
mark of the Ordnance Survey consists of a 
horizontal lino cut in some vorti(*.al fac(s with 
the Government “ broad arrow cut Ixdow it, 
thus In the new precise levelling the 
marks are of two kinds. The “ fundamental 
marks, which average 30 miles apari., are 
illustrated in Fig. 19; they are confined to 
sites where the reference points can bo either 
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fixed in the living rock or in concrete founded 
on the rock. There are three actual reference 
points — one a gun-metal bolt for general use. 


el nil 



Oun M0tal Bolt 



Fig. 19. 


and tlie other two buried for the future use 
of the survey. The secondary marks, generally 
about a mile a])art, are gun- metal plates as 
shown in Fi(j. 20, cemented into a vortical 



face ; a detachable bracket serves to support 
the staff. 

§ (35) Errors in Lkvkluno.— Romo of the 
causes of errors have already boon touched on. 
Krrcjrs duo to lack of adjustment of the 
instrument are eliminated if the instrument is 


equidistant from the two staves, j^rovided the 
adjustment does not alter between the two 
readings. Such change may be due to tem- 
perature effects or change of focus. The 
former acts slowly, provided the instrument is 
shielded from the direct rays of the sun ; the 
latter does not come in if the instrument is 
equidistant from the staves. If there is any 
tendency for the staff supports to move always 
in the same direction a systematic error will be 
introduced, which in long lines may easily 
become the predominant error. The only way 
to eliminate this is to relevel the line in the 
reverse direction, keeping aU other conditions 
as unaltered as possible ; this is invariably 
done in all precise work, and a systematic 
difference between the two levellings has 
almost always been found. Another cause 
of error is due to atmospheric refraction ; 
the statement in many text- books that this 
error cancels out when the instrument is 
equidistant from the two staves is only true 
on the assumption (generally incorrect) that 
the atmospheric conditions along the paths of 
the two rays are the same. See article on 
“ Trigonometrical Heights and Atmospheric 
Refraction,” Vol. III. 

§ (3(5) Definition of Height. — The obvious 
definition of the height of a point is the distance 
of the point above the reference surface 
measured along the vertical through the point. 
This is called the “ orthometric ” height. As 
the surface of the earth approximates to a 
spheroid rather than to a sphere, this definition 
leads to the result that two points at the same 
height are not necessarily at the same gravi- 
tational potential, and water might flow from 
one point to the other, or even from a lower 
point to a higher. An alternative definition is 
based on the assumijtion that all points which 
are at the same “ height ” are on the same 
equipotontial surface, and measuring the actual 
height of each such surface at some fixed point. 
For this purpose the earth is generally assumed 
to bo a spheroid, and the fixed })oint is taken 
in latitude 45“. This is called the “ dynamic ” 
height. In practice the distinction only 
becomes of importance when large areas are 
covered with a network of precise levelling, and 
especially when the area covers a tract of hilly 
country extending north and south. The 
difference of height as determined by spirit- 
levelling docs not conform to either of the above 
definitions. The height is first measured on a 
vortical staff (orthometrie) and then carried 
horizontally to a second staff (dynamic), and so 
on. The result is that a circuit of levelling 
carried out without any error, and closing on 
the starting - j)oint, will, in general, show a 
difference in height between the starting-point 
and the (same) finishing - pf)int. The magni- 
tude of this apparent error can be calculated 
on the assumption that the vortical as indicated 
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by the level at each setting up of the instm- 
ment is a normal to the spheroid of reference. 
In practice it is the normal to the geoid, and 
the true correction to be applied to the levelled 
heights to give either orthometric or dynamic 
heights cannot be calculated unless the devia- 
tion of the plumb-line, or the true variation in 
the force of gravity, be known for each station 
occupied. P. R. Helmert ^ has calculated the 
theoretical closing error of a circuit in the Tirol 
(a) assuming the usual formula, (b) based on 
the actual values of gravity measured by 
R. V. Steineck ; the results were 7 mm. and 
24 mm. respectively.® 

IX. Contouring 

§ (37) Contouring. — contour is a line of 
equal height above sea -level, and contours 
drawn on a map at equal vertical intervals 
form the best method of showing the vertical 
relief of the ground. The vertical interval 
depends on the scale of the map and the steep- 
ness of the ground. On small-scale maps the 
contours are necessarily generalised and 
become “form lines.*’ Accurate contouring 
must be controlled by spirit - levelling. In 
large-scale work the contours are established 
on the ground by means of a spirit- or water- 
level, and surveyed. The survey may bo done 
either simultaneously with the marking of the 
contour, or later, and may be done by chain 
survey, stadia traverse, or plane-tabling, or by 
a combination of the above. 

In contouring with a plane-table on small 
scales the Indian pattern clinometer is a 
useful instrument. It is 9 in. long, and has 
two vanes which are upright when in use. 
The rear vane has a sight -hole, and the 
front vane a vertical slit with a scale of 
degrees on one side of the slit and of natural 
tangents on the other. The sight - hole is 
brought level with the zero of the scales by 
means of a screw, a level on the horizontal arm 
indicating the position. The adjustment must 
bo chocked by comparison with the readings of 
a theodolite or by moans of reciprocal observa- 1 
tions. It is used stariding on the plane-table, 
and by its moans the height of the table can bo 
found by measuring the vertical angle to any 
point whoso height is known. The slope of 
the ground and hence the spacing of tho con- 
tours on the map can also be found. Wights 
can bo taken up to a distance of about 3 miles. 
By fixing tho height of ruling ])oint8, and tho 
slope down spurs and valleys, etc., tho cont()urs 
can be drawn in with suflioiont accuracy for 
small-scale work 

^ Did ScJfmu’rkraft in Tlorhgebirijp, p. 10. 

* CUi. Lallcmand, Nirellemrnt da haute •prMmm ; 
Coast and Geodetic Suri'e)i Reports, 1000, App. 0, lOOIJ, 
App. ; Account of the Operations of the (L T, Surreu 
of Imlia, xlx. ; E. 0. Henricl, Proe, InM. Civil JSn- 
gtneers, ceix, Pt. 1. 


X. Basr-line Measurement 

§ (38) General. — Before a triangulation can 
be computed, it is necessary to know the 
length of one of the sides of one of tho triangles, 
and this must be measured directly. This 
I measured side is called tho base, and thus 
forms the starting - point of any system of 
triangulation required to dotonnino tho hori- 
zontal co-ordinatos of its jioints. Those co- 
ordinates are motxsurod on tho spheroid of 
reference, consequently tho length of tho base 
(as required for i)urposos of cakmlation) is tho 
distance, measured along tho spheroid, between 
tho points on the spheroid vertically below tho 
ends of tho actual base. Thus if A,’ B {Fuj, 21) 
are the terminal points of 
tho base, ANB being tho 
ground surface, tho dis- 
tance required is A^B' 

(measured along the 
curve) where A'B' lie on 
tho sidioroid of reference .Km. 21. 

and AA', BB' are tho 
verticals throxigh A and 15. The actual line 
followed by tho btisc may bo either in the 
l)lane through AA'B or that througli AI5I5', 
or it may bo such that if P Ix^ any point in 
tho base and BP' tlio vi‘Tti(!al through it, 
ABPP' all lie in one plains *rhese cases re- 
present respectively tho result of the lino 
being laid out by a theodolite at A, or at 15, 
or by a transit theodolite at oa(di e.onscumtivo 
point P. Tho thrive lines ari^ not strictly tho 
same when tho s])horoidal shaix) of tlu^ earth 
ifl taken into account, but thct dilh^rtujci^s are 
negligible for base-line mcjiHurenumts, wliich 
only extend for a h^w mih's, luxice any of 
these throe methods may lx‘ ust'd for laying 
down tho base on the ground. Tlu^ l)as(‘ is 
necessarily measured in small si'ctions such as 
PQ, roproHouting th(^ limgth of a single bar or 
tape. As those an^ short (^omj)ared with tho 
radius of curvature of th<^ splu^roid, the straight 
lino distance PQ can be taken as (*(|tial \o llie 
arc, ])rovidcd tho length of P() is horizontal. 
If PQ, bo not horizontal it must lu^ multiplied 
by cos i, where i is the imdinatiou of PQ to the 
horizontal. ITnh'Hs the bas(^ is Ixung uuMisured 
at sea-level, a further reduction must made. 
If R is the radius of curvature of the sjihtToid 
at P' and h the height of P above P\ we gtd 

whence J-*, tho hmgth of tho base^ is given by 

= cm !) - 2 (l>Q . , 

or if i is small, tis it is when rods are used, 

L = 2(I>Q) - . f!>) - V . 
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These two corrections are known as the re- 
duction to horizontal and reduction to sea- 
level respectively. It is not necessary in 
practice to correct each length PQ separately 
for reduction to sea -level, and the whole 
correction can bo put in the form L(H^/Ro) 
where is the mcmi height of the base 
above sea-level, and the mean radius of 
curvature of the spheroid from A' to B'. 

§ (39) Historical.— The earlier bases were 
frequently measured by moans of deal rods 
shod with metal at their ends. Such rods do 
not vary greatly in length with change of 
temperature, but alter their length consider- 
ably with varying moisture. This variation 
can be largely reduced by boiling the rods in 
paraffin wax. Wooden rods were used in the 
classic measurements undertaken by the 
French in Lapland and Peru in 1735-45. They 
have been used successfully in Germany,^ and 
more recently in Egypt, ^ whore a probable 
error of about five parts in a million was 
obtained by this method. 

The earliest base in this country (Hounslow 
Heath,'* 1784) was measured with deal rods 
with bell-metal ends, and with glass rods. In 
the case of the deal rods it was noticed during 
the work that their length was much affected 
by changes in the humidity of the atmosphere. 
No attempt appears to have been made to 
avoid this by varnishing or otherwise treating 
the rods. The temperature of the glass rods 
was found by two thermometers in contact 
with each rod, and the expansion due to 
tomperature was allowed for. The discrepancy 
between tho two measurements was 1*8 ft. in 
27,400 ft., or 0(5 /a {/jl in this section represents 
one-millionth of tho total length). In 1791 this 
base was remeasured with a stool chain, made 
by Ramsden, of KM) ft. length (40 links of 
2*5 ft, oac'h) ; tho diHcrex)aiKiy of tho result 
compared with tho glass-rod measurement was 
0*23 ft., or SfjL, Tho Ramsden cliain was used 
for fotir other bases in England, and is now 
do])ositod in the Science Museum at South 
Kensington. 

During tho nineteenth century accurate bases 
wore almost invariably meas\irod with metal 
bars, a probable error of 1 to 2/x- being obtained. 
In 1885 M. iTaderin ^ suggested tho use of metal 
ta])os or wires HUHj)ended free in catenary for 
base measurements, and the introduction of 
‘‘ Invar,” duo to the researches of C’h. Ed. 
Guillaume, of tho International Bureau of 
Weights and Measures, has enabled Jadcuin’s 
apparatus to bo so imprewed that it now forms 

^ Rolnhortz, Zeit. Vermm., 180(i, Pt. 7. 

* Lyons, Cadtintral Huri'vu of IHouPt, <*jiiro, 1008. 

” Jio)/, Soc. Phil. Trmw., ITHf); iuho Account of the 
Principal Trianfjulatiou of the Ordnance iiurcey, 
18r>8, p. 200. 

* Jiidorin, Ocoddtische Mngenmemmg mit Stahl- 
hdndcru und MclaldnViten, Stockholm, 188,5. An 
EiikUhIi translation appears in tho C. and 0. S. 
lUimrt for 180,1, Pt. II. App. 6. 


a method of base-line measurement which is 
not only fully as accurate but much quicker 
and cheaper than the older methods. 

Tho measurement of the Salisbury Plain 
base (length 6*9 miles) in 1849 with Colby’s 
ajiparatus took a large party nearly six months 
in the field, while the Lossiemouth base of 4*5 
miles was measured in 1909, using invar tapes, 
by a much smaller party in about a month, 
and with a higher degree of accuracy. 

§ (40) Base Measurement in the Nine- 
teenth Century, — The great trouble in all 
base line measurements has been the change 
in length of the apparatus due to humidity 
(in the case of wood bars) or temperature. A 
metal rod needs time to take up the tempera- 
ture of its surroundings, and in the field the 
conditions are such that the true mean tem - 
perature of the rods cannot be obtained satis- 
factorily by the use of thermometers in contact 
v/ith them. To overcome this difficulty Borda ® 
introduced tho principle of the bimetallic 
thermometer. His apparatus consisted of two 
strips of metal in contact. The lower strip of 
platinum (either 2 toises or 4 metres long) 
rested on a stout beam of wood; lying im- 
mediately on it, and fastened to it at one end, 
was a strip of copper about 6 inches shorter. 
A scale on the free end of the copper, read by 
a vernier on the platinum, indicated the 
relative expansions of the two bars, whence 
the temi)oraturo, and therefore the true length 
of the platinum strip, could be inferred. 

Another apparatus designed to tho same end 
was Colby’s ® compensated bar apparatus, 
which consisted of two 10-ft. bars, one of iron 
and one of brass, firmly connected at their 
oontroB. At either end was a metal tongue 
about 6 inches long pivoted to both bars so 
that, while free from shake, they did not 
impede the free expansion of the bars. At the 
outer end of each tongue was a small dot, and 
the distance between tho dots determines the 
length. If aa' and 66' {Fig. 22) are the bars. 



Fig. 22. 


having a temperature coefficient of a and /3 
respectively, and if a6c, a'6'c' are the tongues, 
tho lengths a6, 6r, etc., arc so chosen that 
ar.jbc = a//i ; if, therefore, owing to a change of 
temperature, a moves a distance ad, 6 will 
move /yd, and c will not move. If tho ex- 
pansion can be considered as proportional to 
tho change of temperature, and if both bars 
are at tho same mean temperature, the distance 

® Dcilanvbrc, Paee du syiddme m4trique, etc.j Paris, 
1800-10, ii. 1 and ili. 311. 

« Jf. YoHand, Measurement of the Lough Foyle Base, 
etc., London, 1847. 
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cc' will remain constant. This apparatus was 
used for the two chief bases of the Ordnance 
Survey of the United Kingdom, for ten bases 
in India, and also in South Africa. It has 
not been used since 1870, as it was found that 
the temperatures of the two bars did not 
remain equal, and it was found necessary in 
India to use thermometers, and not to rely 
entirely on the automatic compensation.^ The 
probable error of measurement with this 
apparatus was about l'5,a. 

In most of the earlier bases the rods were 
used as end measures, and were laid touching 
end to end. Borda introduced a graduated 
slider moving in a groove at 
the free and uncovered end of 
the platinum strip, for the pur- 
pose of measuring the small gap 
left between successive bars. 

This was improved later by 
the addition of a spring and 
contact screw. Struve,^ for 
the Russian bases, used a 
wrought -iron bar (whose temperature was 
determined by two thermometers) fitted with 
a contact lever {Fig. 23) for measuring the 
small interval between the bars, the lever 
being held in contact by a spring. Bessel ® 
used bimetaUio bars of iron and zinc* The 
upper (zinc) terminated in horizontal knife- 
edges, while at the free end a small piece with 
two vertical knife-edges was attached to the 
iron bar (Fig. 24). The distance between the 
knife-edges was measured by a glass wedge, 
and gave the temperature correction, and the 
distance between successive bars was measured 



U 

Ilo. 24. 


in the same way. The bases measured with 
this apparatus had an error of about 2/z. 

Bache in 1846 designed an apparatus which 
was used by the Coast Survey of the United 
States, and which combines several of the 
above-mentioned arrangements, aa', bb' of 
Fig. 25 are iron and brass rods respectively, 
forming a Borda bimetallic thermometer. 
They are separated by rollers so that they 
can expand freely. The cross-sections of the 
bars are so arranged that, while they have 

^ G. T. Survey of India, Dchra Dun, 1870, i. 

“ P. G. W. Struve, Arc du Miridim de 25® 20' 
^re U Danube et la mer glaciale mesuri dejiuis IHU) 
jusgu*en 1855, sous la direction de Tenner, Selander, 
Eansteen, et F. G. W. Struve, St. Petersburg, 
1857—60. 

® P. W. Bessel and J. J. Baeycr, Qradmessung in 
Qstfpremsen, etc., Berlin, 1838. 


equal absorbing surfaces, their masses are 
inversely proportional to their specific heats, 
allowance being made for their difference of 
conducting power. Lever C is a compensation 
lever so arranged (as in Colby's apj)aratus) 
that the position of the upj^er knife-edge 
remains constant irrespective of the expansion 
of the bars. A collar on a sliding rod d is 
pressed back against the knife-edge by a 
spring, and the sliding rod torniinates in an 
agate plate for contact with the next bar. A 
scale and vernier attached to the free ends of 
a and b enable the relative oxi)ansion of the 
bars to be measured if desired. At the other 
end, whore the bars are fixed 
together, is another sliding 
rod e terminating in a blunt 
knife-edge for making contact 
with d ; the inner end of e 
abuts on a contact lever / 
pivoted below, whicli in its 
turn comes in contact with 
the short tail of the lover g, 
mounted on trunnions, but not l)alanced, and 
carrying a spirit-level. For a certain position 
of the rod e the bubble becomes central, and 
this position determines tlio standard length 
of the bar. This arrangement is very dclicatcs 
and ensures that the pressure of contact is 
always the same. 

All the bars so far considered (oxce]>t (\>lby's) 
are end measures. Colby set the bars so that 
the dots of two successive bars were exactly 
6 inches apart, by moans of two microscopes. 
The two microscopes wore connected by two 



bars of brass and iron respectively in such a 
manner that the focal ])oints of the microH(‘oj)es 
were exactly (i inches apart, the tomixM'at.uro 
compensation being on the same ])rin<‘iplc as 
that of the bars. A third microscopes passed 
through the centre of the bars, and was con- 
structed to focus a point at ground-lcv<L 
The microscopes were ])rovided with levelling 
screws, and screws for giving motion in longi- 
tudinal and transverse directions. "iriK^ whole 
compensated microsco])o set rested on a bracked 
attached to one end of the case (inclosing th(» 
bars. The measurement of th(^ (5-iu(di intervals 
was offectod by bringing one of th(\ outer 
microscopes to intersect the dot on the bar 
last placed, and then moving the next bar up 
by its slow-motion screws so that its dot was 
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bisected by the other microscope. The end 
of each section of six bar lengths was trans- 
ferred to the ground by the centre microscope, 
a suitable reference point being adjustably 
mounted on a heavy cast-iron plate resting on 
the ground. The Salisbury Plain base, which 
was measured in 1794 with the Ramsdon 
chain, was remeasured in 1849 with the Colby 
apparatus, and a discrepancy of 1-03 ft., or 
28/x, was found between the two measurements. 
Some of the original Colby apparatus is now 
in the Science Museum at South Kensington. 

Boscovitch in Italy in 1751 used bai*s with 
the length defined by line marks on the bars, 
measuring the distances between successive 
bars by dividers and scale, and other early 
work was done with marks on the sides of the 
bars. 

All the above - described methods used a 
succession of bars, either actually or nearly 
touching. J. Porro and others used a single 
bar to measure the distance between successive 
microscopes mounted on tripods, and carefully 
aligned and levelled. Porro used a bimetallic 
bar for temperature correction. His apparatus 
was improved by Ibanez ^ and used in Spain 
and Switzerland. 

In 1871 R. S. Woodward,® of the Coast and 
Geodetic Survey, overcame the temperature 
difficulty by using a single iron bar carried in 
a V -shaped trough filled with melting ice. 
An error of 0-25 /a is claimed for this apparatus, 
and it is probably the most accurate method 
that has been adopted. It is slow and ex- 
pensive to use, and its greatest utility is 
perhaps for laying down a field standard for 
standardising wires or tapes. 

Any method, such as those described above, 
which involves the use of metal measuring 
bars in the field entails the provision of heavy 
trestles for their support. Those trestles 
must bo carefully aligned and levelled, and 
in order to do this the ground must be fairly 
level and smooth, and in many cases much 
clearing and preparation of the ground are 
required. Such methods are therefore nocos- 
sarily slow and expensive. 

For furlluT particulnrs of the older nieihods see 
A. ZnlK. / nxtnmmit(‘nk., 1SH5, v. 257, 232, 

372, -l-iO, and 1S88, viii. 1H‘), 225, and 227. For 
fuller d('trails n^foreni^o nmst. be made to the oritjinal 
aceounts inentlom'd, or t,o the oIU<iial reports of the 
surveys coiKK'rned. 

§ (41) Modkrn Bark Mraruuumkntr. (i.) 
In A merim , — The American “ Duplex ” bar 
apparatus has boon used with success in modern 
work. It consists 3 of two measuring tubes 

* (h Tbaflcz ct Hiiavedra, faUen arcr 

t-appareU memrer lex hmex appartmant A la com- 
misxion (U la carte dnSxpagne (Traduction par A. 
Laussodat, Paris, 1800). 

“ R. 8. Woodward, “ On the MeasurcmK'.nt of the 
Holton Heath Base, cte,” Report of the Coaxt mul 
Geodetic Survey for isu'JSf Pt. 2, App. 8. 

“ Coast and Geodetic Survey Report, 1897, App. 2. 


5 metres long, each containing two hollow 
cylindrical bars, one of steel and one of brass. 
The outer tube is mounted on two wooden 
tripods, with fine adjustments for levelling 
and aligning. The measuring bars project 
at both ends from the outer tube, and are 
brought into end contact, steel to steel and 
brass to brass, by means of screws which 
move them bodily in the outer tube. The 
contacts are agate knife-edges. The process 
results in two simultaneous, but independent, 
measurements, one with the steel bar and one 
with the brass bar. If, owing to temperature, 
one bar gain too much on the other, it can be 
set back a known amount by means of a vernier 
on the steel bar read against a scale on the 
brass. Thermometer readings give the tem- 
peratures of the bars. The difference between 
the total lengths of the base as obtained from 
the brass and steel, uncorreoted for tempera- 
ture, gives the mean temperature of the bars, 
and thus the temperature correction to be 
applied. The thermometers give the correc- 
tions to bo applied to each individual bar 
length, which provides a chock. The bars are 
actually tubes of comparatively thin metal, 
the thicknesses being calculated to compensate 
for relative specific heats and conductivities; 
they are both nickel-plated, and enclosed in a 
double tubular covering ; the result is that 
they maintain very closely the same tempera- 
ture. 

(ii.) Ta^ea , — If wires or tapes be used for 
the actual field measurements, they can be 
much longer than the bars, consequently 
there are fewer points requiring accurate 
alignment, and fewer measurements or settings 
at the end of each unit length ; this tends to 
both speed and accuracy. At the measure- 
ment of the Holton Heath base * a comparison 
of various methods was made and the i)ractioal 
use of tapes tested in the field. Steel tapes 
graduated every 20 metres over a length of 100 
m. wore employed, the total length being about 
101 m. ; the cross-soction was (i*34 by 0-47 mm., 
and the weight 22-3 grams per metre. The tape 
was strainecl to a constant tension of 25 lbs. 9oz. 
by means of a spring balance. The tensioning 
apparatus (jonsistod of a lover of steel tubing, 
wil.h a wooden extension as handle, lunged 
by a universal joint to a platform on which the 
operator stood. The tube was threaded, and 
a wheel nut carried a gimbal- jointed support, 
to which was attached tlie spring balance. 
The balance was used at one end only. The 
tape was supportud every 20 m. on wire nails 
driven into posts. At the end of every 100 m. 
length a properly ranged marking- post was 
cut off, or drivem down, to the proper height, 
and ea])pod by a plate of zinc. The supporting 

* R. H. Woodward, ** On the Moasurmt'nt of the 
Holton Heath Base, ct(’./' Report, of the Coast and 
Geodetic Survey for Pi 2, App. 8. 
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nails were carefully adjusted as to heiglit by 
a telescope, so that they lay in a line joining 
the two marking - posts. The tape being 
placed in position, the rear mark was brought 
to coinoide with a mark on the zinc top of 
the marking-post, and the strain taken at the 
front end by the spring balance ; the tape was 
then lifted clear of the nails, and dropped on 
to them so as to avoid friction and any lack 
of alignment in the tape itself. When ail 
was correct, a scratch corresponding with the 
forward end of the tape was made on the zinc 
of the forward marking-post with a fine 
bradawl, the thermometers were read, and 
the tape moved forward to the next section. 
If temperature effects, or inaccurate spacing 
of the marking-posts, caused the tape ends to 
get too near the edges of the zinc plates, the 
tape was set forward or back an even number 
of centimetres by means of a scale. The tapes 
were standardised in the field on a special 
100 m. comparator by means of the 6 m. iced 
bar. A special section of the base 1 km. long 
was measured by the iced bar, by 6 m. contact 
rods, and by the 100 m. tape. The tape 
measurements were taken both by day and 
by night. Two or more measurements went 
to a set ; the sets taken at night varied ± 3 mm. 
from the mean, those by day up to 10 mm. 
The mean of the night sets (21 measurements) 
differed from the iced bar measurement by 
only 0*2 mm. The greater accuracy at night 
is due to the better temperature conditions. 
The rate of working with the iced bar was 
100 m. an hour, and the probable error of one 
such measurement of 100 m. was about ± 
.0-034 mm. The probable error of the 1 km. 
section (mean of 4 measurements with the 
iced bar) was ± 0-26 mm. The rate of working 
with the tapes at night was about 2 km. per 
hour. The probable errors given are those 
of measurement only, and do not include the 
error of the iced bar itself. The final results 
for the kilometer section were : 

Mean of 6 meafluremonts with 
steel rods 1000 m. - 4-9 mm. 

Mean of 21 measurements with 
steel tapes .... 1000 m. - 3-6 mm. 

Mean of 4 measurements with 
iced bar 1000 m. - 3-4 mm. 

These results showed the possibility of using 
steel tapes for work of first-class accuracy. 

In 1900 the Coast and Geodetic Survey ^ 
considered that, in view of the speed with 
which base measurements could be made with 
tapes, it would be advantageous to measure 
frequent check bases. An accuracy of 2 yu, was 
laid down, and no time was to be spent in 
trpdng for more accurate results than this. 
Fifty and 100 m. tapes were used, supported 
every 25 m. — 2 x 4 in. stakes for intermediate 

^ Coast and Geodetic Report, 1901, App. 3, p. 229. 


supports, and 4 x 4 in. stakes for the marking- 
posts, topped with copper instead of zinc. 
A kilometer of each base was measured \vith 
the duplex bar apparatus, and tapes and bars 
were standardised against the iced bar at the 
beginning and end of the season. The methods 
for using the tapes were generally the same as 
those employed at the Holton Heath base. 
In the result, 9 bases with a total length of 
69 km. were measured by ono field party 
between July 16 and January 18; including 
the standardisation work, the worst probable 
error obtained was 1-4 ya and the average 0-8 fx. 
Later on invar tapes wore used,® whick enabled 
work to be done in the daytime with loss 
danger of temperature errors and greater 
ease and accuracy, as compared with stool 
tapes by night. In 1907 a party of from seven 
to thirteen men prepared and measured 3 bases, 
and measured 3 more (proi)arod by another 
party), in all 6 bases with a total* length of 
100 km., in four months. The worst probable 
error was 0-40 /x and the average 0-36 jii. 
Both steel and invar tapes were used, the 
latter proving 7 per cent faster and 70 2 )or cent 
more accurate. 

(iii.) Tapes or Wires in O atenary, 
tapes are used as above described, with the 
tapes supported at short intervals, and always 
supported in the same way both when being 
standardised and when in use, and when only 
small inclinations are used, no allowantio need 
bo made for sag, etc. The method, however, 
while much quicker than tlie use of bars, an<l 
not necessitating quite such a smooth stretch 
of ground, still roqtiiros a fairly smooth and 
level site for the base. The latest base aj)- 
paratus, a devol()])ment of rJadorin’s,® uses tlu«) 
tapes hanging free in cat<mary throughout 
their length. By this method fewer sujjportH 
are necessary, and bastes (^an h<^ accurately 
measured over more unewon ground and on 
steeper slopes. 

The method and apparatus uwul have l)eon 
described in detail by Benoit and (Jiiillaumo.'’^ 
The tapes are not graduated throughout lludr 
length, but carry small scales at <‘itlu‘r end, 
reading + or - from the zero gradtiation. 
The scales are a few inches long and are gradu- 
ated in millimotros, or some similar divisioiiH 
such as : 2 V ill- The nominal length of t,h<^ 
tape is the straight line distance b(*tween th(^ 
zero graduations when they are at the sanu^ 
level, with the tape hanging free at standard 
tension. There is some (UHercncc of oi>inion 


p 107^ Geodetic Sureeji Report, 1907, App. *1, 

® JiUlcrin, GeodMische Mnaenmemmo mit Rta/d- 
bdndemund Metaldrnhten, fttorkholm, 1H85. 

lionoit and (hiillaunin, ha memre rapide dm 
bases qiodimues (1st <^d., Paris, ino.^l ; .^th {hL 1017). 
•See tiUo Ordnance Rurrep Professional Papers, Kew 
Measurement of an Arc 
of Mej’vlmn in Uganda ((Joionial Survey (ionunItt<’0 
Ateport), 1912. 
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as to tho relative merits of tapes or wires. 
If tapes are used, the scales can be marked 
direct on tho tapes themselves, and it is easy 
to ensure that there is no twist in the tape. 
With wires the scale has to be attached to tho 
wire, and a twist is not so easily detected. On 
the other hand, wires are probably loss affected 
by wind. Tho tension is applied to the ta])e 
hy means of a cord or wire, passing over a 
pulley, with a weight attached. Tho measure- 
ment is carried out as follows ; A number of 
trestles are aligned along tho base and spaced 
at intervals of one tape-length. The trestles 
have heads somewhat as shown in Fig, 26, 
the heads being movable hori- 

® zontally on tho trestles for 
accurate alignment. The tape 
is then placed alongside the 
trestles, just not touching tho 
tops, and strained by means 
of the straining trestles to tho 
standard tension. Simultaneous 
readings are taken by observers 
at tho two ends, tho scale on tho 
tape being read against tho mark 
I'lG. 20. on the trestle. Eight or ton such 
readings are taken, tho tape 
being moved slightly in a longitudinal direction 
between each reading. Tho tape is then moved 
to the next span and tho process repeated. 
After every six spans or so the observers 
change ends, in order to eliminate personal 
errors. Each section of a convenient number 
of spans is measured two or more times, the 
direction of measurement being changed 
between each. It is preferable to use more 
than one tape. At tho end of each day’s 
work tho point on tho ground directly under 
tho terminal trestle head is marked on tho 
ground, and chocked before recommencing 
work to ensure that tho trestle has not shifted. 
Tho (lilTercnco in height botw(^on tho trestle 
heads must bo ascei-tainod by levelling, or by 
observing tho slope between them. This is 
required both for tho oi’dinary reduction to 
tho horizontal and to allow for tho change 
in sha ])0 of tho catenary when tho ends of 
tho tape are no longer at tho same level. 
The tom])erature of the tapes must also bo 
noted ; but as the cooflicient of expansion of 
invar is so small (about 5x10-’ ])cr 1° (t, 
or less), no great accuracy is necessary. 
Tho tom])eraturo can be observed either by 
moans of a swing thermometer or by thermo- 
meters attached to tho tape beyond tho 
terminal marks ; tho former is iirobably the 
preferable method, at any rate in temperate 
climates. 

Tho apparatus as originally designed had 
weights and pulleys at both ends for apydying 
the tension ; but if tho tape is on any appreci- 
able slope tho tension for equilibrium is not 
the same at the two ends, and tho tape will 


run downhill, or, if it does not, tho excess 
tension at the lower end must be absorbed by 
friction, and in such a case an uncertainty as 
to the true tension at once arises. A preferable 
method is to attach one end direct to the 
straining trestle by means of a screw, and to 
move the tape by its moans between tho 
readings, half the readings being taken after 
a screwing- up motion and half after a screwing- 
out motion ; if a fine wire or stool tape be used 
for connecting tho weight, there is practically 
nothing lost by friction (which is not neces- 
sarily the case when a cord is used), and tho 
mean tension applied at tho weighted end is 
the standard tension as determined by the 
weight. 

No elaborate apparatus is required. Tho 
straining trestles for the tapes consist of one 
long leg carrying tho i)ulloy, which is placed 
in tile alignment of tho base, and two shorter 
logs supporting it, one on each side. If tho 
long leg bo continued beyond the point of 
attachment of tho supporting legs, so as to 
form a handle, it can bo ])laocd in its ot)rrect 
position without much difficulty. In tho 
8imx)lcst form the pulley is mounted in a slot 
in tho log, but some users prefer having it 
mounted in a frame, tho frame being pivoted 
so that tho pulley automatically phw^os itself 
in tho plane of tho tape, being capable of 
movement uj) or down, and sideways, relative 
to tho trc^stle, by means of screws. In any 
case it is essential that tho ])ulley should 
bo true on its axis, and as frictionless as 
possible. 

The trestles for marking tho ends of tho tape 
lengths are easily aligned by a theodolite. 
Tho difforonco of height between sucicossivo 
trestles is best dotermine<l by an ordinaiy 
telcRco])ic level, using a fl]) 0 (iial short levelling 
staff resting on tlie trestU^ hoiids. It is 
suiii(uont in ilio fu'ld to reiul the scales on the 
tapes with the aid of a reading-glass; micro- 
sc()i)(‘s are not ii(U‘,essary, 

(Ireat eai’o must bo taken in handling the 
tapes or wires. It must be remem Ix'rcul that 
tho whole ac(uiracy depends on tho (sonstaiuy 
of their lengths; they must therefore on no 
account he strained beyond their olasti(< limit, 
or bent or kinked. To ensure this, great care 
is necessaiy in winding and unwinding the 
tapes on tho drums usecl for storage or trans- 
port, and they should never ho dragged along 
tho giH)und. Tho following points must ho 
kept in mind in the (l(‘sign and us(^ of tho 
drums: (1) Tho diamete of the drum must 
ho such that no sharp Ixmd is given to tho 
tape or wire ; a diameter of about J metre 
is suitable. (2) In the case of a wire, which 
has a stiff scale attaclied, the end must bo 
attached to a projecting hook on tho drum of 
BU(?h length that the sc^alo forms a tangent to 
tho dnim, touching tho drum well beyond tho 
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scale, so that the wire is not bent at the point 
of its attachment to the scale. (3) Wires 
should be wound helically on the drum with- 
out overriding. (4) Tapes should be wound 
on a narrow drum with cheeks, the distance 
between the cheeks being only slightly greater 
than the width of the tape to avoid any pos- 
sibility of the tape catching in itself when 
being unwound. (6) The tape or wire must 
not be wound so tightly that any expansion 
of the drum with temperature can possibly 
strain the wire beyond its elastic limit. There 
is no difficulty in the case of a tape, but if a 
wire is not rolled tightly the turns may over- 
ride, and it is safer to insert a spring between 
one end of the wire and its hook on the 
drum, and thus ensure a sufficient but not 
excessive tension. Provision must be made 
for mounting the drum, either on the strain- 
ing trestle or in its carrying box, so that 
it can be easily turned for winding and 
unwinding. 

It is desirable to keep one or more tapes as 
standards, and to use one or more working 
tapes for the actual base measurement. A 
pair of marks similar to those on the trestles 
should be set up one tape-length apart on 
firm-fixed pedestals somewhere near the base, 
for use as a comparator for comparing the 
working tapes wdth the field standards, and 
such comparison should always be made before 
and after the base measurement, even if inter- 
mediate comparisons are not made. By this 
means any variation in the length of the work- 
ing tapes can be detected. These latter can- 
not be so effectively guarded agamst accidental 
damage as the standards. 

§ (42) TnnoRY of Tapes ix Catekary. — If a 
heavy, uniform, and inexl^nsiblo string is stretched 
between two points the equations of the curve 
assumed are 


the problem is to find X in terms of Xq (the valuo 
of X when A=0) and lu 

X ■= ^ 2 — *= c( ^2 — , 

2=52“ ^ 1 = <5 (siiih ttg— sinh 

=*2c cosh ' sink - - \ 

Similarly 

7i=2c sink ^ ainh 

and — t! - « sinh® -- « siuh® 

4c® 2 2o 

caU 

Then 

X =2c sinh“^ sjzt 

=2cN/2(l-i»+;jV-'i^u*®+ • • • ) 


Also 

7/2 _ ^2 ^ 5 ®(cosh® It - sinli® u) ^ c\ 

hence 

2^2 Vi H » 

and 

7(s2+5i) =Sa“- *2/2^- 


7(iS 2— «i)=7®, 

hence 

27si=/Ki/2+7/i)-^^ 


27s2-%2+//i)+^“» 

and 


but 

2c® «(// 2 ® - (^3® 4- «i®), ’ 

hence 

47®c®=27®(v/3®-[-//i®)-/r(//24 //i)®- 




x=cu, 

/ \ 

?/*=c cosh w=c( 1 + 2 ^+^- + . . .J, 

/ w® \ 

5=CBmhii=cUH-~-|-”+ . . .1, 

where s is the length measured along the curve from 
the lowest p^int, o is the length of string whose weight 
is equal to the tension at the lowest point, and u 
is an independent variable ; also the tension at any 
point on the curve is equal to the weight of a piece 
of string equal in length to the y of that point. 
Hence if «? is the weight per unit length, Tq the tension 
at the lowest point, and Tg the tensions at points 
respectively, then c-Tq/u', 


If 7 is the length of the string ( =^ 2 ” *i)* 

X the horizontal distance (=.r 2 -a;i), 
h the difference in height between the ends 
(-ys-Vl). 


therefore z- . 

4c- (//a + '/i)- -7* 

If, therefore, the moan tcnHiori at the t wo (mkIh of 
the tape is kept constant, i.e. if {y^ t-.Vi) ^ conHUint, 
then z is constant, and 

Xo=7(l-,l« + ,V- . . . ), 

whence 

X- n/P- 1- p. 


To find 7, put 7 =»Xq-|-X, whore \ is what is some- 
times called the “ sag,” then 


X=7— Xo=i2(s— a;)a=i2c 


,3! "^51 ‘^7! 






=s2x 


/ X* a® 

\3!c®‘^cV'^7!cO‘*‘ 



but -7®, 

* vr 
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whoro T is tho standard tension applied to the ends, 
honoo if T is ??. times tho weight of tho tape. 





it is desirable that n should bo largo, never less 
than 10 and generally about 20. If n = 10, tho second 
term of the ocLuation for X is 

2‘ ■ ■ 


This is loss than XJ18 . XO'®, similarly it is loss than 
Xq/SOB. lO"®, when n=»20. In such oirovimstanoos 
this can bo noglootod and wo have 


X. 


V «>Vl iV 

24 ' T®\ 4»V 

24 • T'^V ^4n'-> 1(J»* 


+ 



The second term of tliis is loss than Xo/24«-® . l/4n-^, 
i.e. loss than Xq/OOw*, and <^n frequently bo neglected. 

Tho formula X^Xon/i — is not in a con- 
venient form for calculation, as tho actual value of I 
will vary for each span measured. Call L tho actual 
length of tho tape between its zero marks at standard 
temperature and tension, S tho nominal length of 
tho tape, and U tho actual length at temperature t 
above the standard temperature, then Xo=S-fap» 
whoro rtg the error of t.hc tape found when it is 
standardised. If a is tho cooilicient of expansion 
of the tape, wo have 

L'=L(l-l-aO=(XoH-X)(l + a<) = (S+X4-ao)(l+a«)- 

In tho field we actually measure tho dilToronco 
between I and L', honec^ 

Hero «o desponds on tho accuracy with which tho 
tai)o is marked, on tho accuracy with which tho 
trestles are spaced, and o.t on tho temperature. 
With care tli(‘re should bo no dillioulty in k(‘cping 
(wq loss than 10 mm., and with 7i=10, X will 
bo about Xo/24<)(), at will mwor be more than 1()“'S 
consequently (X-|-a(,+^*i) bo more than 

X„/12()0, and (X I wiH than 

Xq.IO"’ and usually mucli less, lb can therefore 
bo neglocted. We may therefore |)ut Z=*SH-A+X, 
whoro A»»ao-l-«v s-nd also Xq^J' S-I-A. 

Tho formula for X now becomes 


A® 


(y+A+x)** 




X-(S+A){ 
expanding wo got 

X=(S+A)(l-i^,(l+-|-)"“ 

.li* ('i+4+^'\ 
"S*\ 8 J 




As shown above, A+X can without trouble be made 
less than 10 ’^S, hence if wo neglect terms involving 
(A+Xl'-^/S- wc are neglecting a quantity less than 
oven when A/S = 1/3, and generally very 
much less, ii’or practical purposes, therefore. 



As A(A4-X)/S is less than it is negligible 

oven on slopes of 1 in 2, so, neglecting this, 


x=s-s( 

ig2+5yS+*g3+iaWg5+* 

+A+A 


/A® 

4 A* „ A® - A®. \ 


■l-ig4H-flgo+A^+* • •)> 




and wo can write simply 


where 


X-Sh-A-P'I Q+R. 

P-S ya + i yl+ l’» la+ I • • •)> 


which can bo tabulalc'd once for all in terms of h 
for any standard iaj)e lengtli ; 


( rs JA /.c 
iy5+2yi+ABO‘l'i“>‘"8BS-' 



which can bo tabuloUHl for any Hfandord Inpo length 
in terms of A and A ; 


R A Qa + i ^.1 H- H ^8 ■ 



this is alw'ays small and can be tabulated in terms 
of A for any given tape. 

Stri(‘,tly sf)eaking, X <l(‘|)ondfl on X^, but os Xq will 
(UII(‘r very slightly from S, It can l><^ cahuilated on tho 
asHumplioii that XQ««tS, and no appreciable error 
will bo introduoed4 
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Tables I., II., and III. for P, Q, and R will give an 
idea of the value of the corrections. They are 
calculated for S=24 m., T=10 kgm., w=0-01732 
kgm., whence X=» 1*728 mm. P is the usual correc- 
tion for slope; it is always to be subtracted 
from the measured length of the base, and is 
always important. Q will vary in sign with A. 
and only becomes of importance on steep slopes 
and when the trestles are badly spaced. R is 
the correction for the change in shape of the 
catenary on a slope; it is only of importance on 


steep slopes, or when a low tension is being used ; 
it is always to bo added to the measured length of 
the base. 

So far it has been assumed that the tape is in- 
extensible, but provided that the mean tension is 
kept constant, and the tape is not stretched beyond 
ite elastic limit, this assumption will produce no 
error. The formula developed above assumes that 
the mean tension at the ends is kept constant; if 
this be so, it can be shown that the true mean tension 
is sufficiently constant to make no appreciable error. 


Tablb I 

Valubs of “P” m Milumbtres fob S«24 Mbtrbs, h in Metres 


h. 

•00. 

•01. 

*02. 

-03. 

•04. 

•05. 

•06. 

-07. 

•08. 

•09. 

0-0 

0-000 

0-002 

0-008 

0-019 

0-033 

0-052 

0-075 

0-102 

0-133 

0-1C9 

•1 

0-208 

0-252 

0-300 

0-362 

0-408 

0-468 

0-633 

0-602 

0-076 

0-762 

•2 

0-833 

0-919 

1-008 

1-102 

1-200 

0-302 

1-408 

1-519 

1-034 

1-752 

*3 

1-876 

2-002 

2-134 

2-269 

2-409 

2-662 

2-700 

2-863 

3-009 

3-169 

•4 

3-334 

3-602 

3-676 

3-863 

4-034 

4-219 

4-409 

4-603 

4-801 

6-003 

0-6 

6-209 

6-419 

6-634 

6-852 

6-076 

6-303 

6-534 

6*770 

7-009 

7-263 

•6 

7-601 

7-762 

8-009 

8-270 

8-635 

8-803 

9-076 

9-353 

9-035 

0-921 

•7 

10-210 

10-604 

10-802 

11-106 

11-411 

11-721 

12036 

12-365 

12-678 

13-006 

•8 

13 337 

13*672 

14-012 

14-356 

14-704 

15-056 

16-413 

15-774 

16-138 

16-607 

•9 

16-881 

17-268 

17-640 

18-026 

18-416 

18-809 

19-208 

19-610 

20-017 

20*428 

1-0 

20-842 

21-261 

21-686 

22-112 

22-644 

22-980 

23-420 

23-864 

24-313 

24*766 

•1 

26-222 

25-682 

26-147 

26-617 

27-090 

27-667 

28-049 

28-536 

29-026 

29-620 

•2 

30-019 

30-621 

31-028 

31-639 

32-056 

32-674 

33-098 

33-626 

34-158 

34-694 

•3 

36-234 

36-779 

36-328 

30-881 

37-438 

37-999 

38-665 

39-134 

39-708 

40-286 

•4 

40-868 

41-466 

42-046 

42-640 

43-239 

43-842 

44-449 

46-061 

46-677 

46-297 

1*5 

46-921 

47-649 

48-181 

48-818 

49-469 

60-104 

60-763 

61-407 

62-065 

52-727 

•6 

63-393 

64-063 

64-737 

66-416 

66-099 

66-786 

67-477 

68-173 

58-872 

59-570 

•7 

60-284 

60-996 

61-713 

62-433 

63-168 

63-887 

64-620 

65-368 

60-099 

06-845 

•8 

67-696 

68-349 

69-108 

69-870 

70-637 

71-408 

72-183 

72-903 

73-747 

74-534 

■9 

76-326 

76-123 

76-923 

77-728 

78-637 

79-360 

80-167 

80*988 

81-814 

82-044 

20 

83-478 

84-317 

86-160 

86-007 

86-858 

87-713 

88-672 

89-436 

90-304 

91-170 

•1 

92-062 

92-932 

93-817 

94-706 

96-699 

96-496 

97-398 

98-303 

09-213 

100-128 

•2 

101-046 

101-969 

102-896 

103-826 

104-762 

106-701 

106-646 

107-693 

108-546 

109-501 

•3 1 

110-463 ! 

111-428 

112*397 

113-370 

114-348 

116-329 

116-316 1 

117-306 

118-300 

119-290 

•4 

120-302 

121-308 

122-319 

123-336 1 

124-366 1 

126-379 1 

120-407 

127-440 ! 

128-477 

129-518 

2*6 

130-663 

131-013 

132-067 

133-724 

134-787 

136-863 

136-924 

137-998 

139-078 

140-101 

•6 

141-249 

142-341 

143-437 

144-637 

146-641 

146-750 

147-863 

148-980 

150-102 

151-228 

•7 

162-369 

163 493 

164-631 

166-774 

156-921 

168-072 

169-228 

160-388 

161-662 

102-720 

•8 

163-893 

165-070 

166-251 

167-436 

168-626 

169-820 

171-018 

172-220 

173-420 

174-037 

•9 

176-862 

177-072 

178-296 

179-624 

180-676 

181-992 

183-233 

184-478 

185-727 

180-980 

3-0 

188-238 

189-600 

190-767 

192-037 

193-311 

194-590 

196-874 

197-161 

198-463 

199-749 

•1 

201-060 

202-354 

203-063 

204-977 

206-294 

207-616 

208-942 

210-272 

211-008 

212-947 

•2 

214-290 

216-638 

210-989 

218-346 

219-706 

221-070 

222-439 

223-813 

226-190 

226-672 

•3 

227-958 

229-348 

230-743 

232-141 

233-644 

234-962 

236-364 

237-780 

239-199 

240-626 

•4 

242-064 

243-487 

244-924 

246-306 

247-812 

249-263 

250-717 

262-176 

263-040 

265-107 

3-5 

266-579 

258-066 

269-636 

261-021 

262-610 

264-003 

265-601 

207-003 

208-610 

270-021 

•6 

271-636 

273-066 

274-679 

276-107 

277-639 

279-176 

280-717 

282-202 

283-812 

285 -.‘hK) 

•7 

286-923 

288-486 

290-063 

291-624 

293-199 

294-770 

290-363 

297-052 

299-544 

301-142 

•8 

302-743 

304-349 

306-969 

307-573 

309-192 

310-815 

312-442 

314-074 

315-710 

317-350 

•9 

318-996 

320-644 

322-297 

323-966 

326-617 

327-284 

328-965 

330-030 

332-309 

333-993 

4*0 

336-681 

** 

•• 


•• 

•* 
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Table II 

Values of “Q” in Millimetres for S--24 Metres, U in Metres and A m Millimetres 


A . 

1 . 

2 , 

3 . 

4 . 

5 . 

6. 

7 . 

8 . 

9 . 

10 . 

20 . 

h . * 
0-1 

0-000 

0-000 

0-000 

0-000 

0-000 

0-000 

0-000 

0-000 

0-000 

0-000 

0-000 

•2 

•000 

•000 

•000 

•000 

•000 

•000 

•000 

•000 

•000 

•000 

•001 

•3 

•000 

•000 

•000 

•000 

•000 

•000 

•001 

•001 

•001 

•001 

•002 

4 

•000 

•000 

•000 

•001 

•001 

•001 

•001 

•001 

•001 

•001 

•003 

0-5 

0-000 

0-000 

0-001 

O-OOl 

0-001 

0-001 

0-002 

0-002 

0-002 

0-002 

0-004 

•G 

•000 

•001 

•001 

•001 

•002 

•002 

•002 

•002 

•003 

•003 

•006 

•7 

•000 

•001 

•001 

•002 

•002 

•003 

•003 

•003 

•004 

•004 

•009 

•8 

•001 

•001 

•002 

•002 

•003 

•003 

•004 

•004 

•005 

• 00(5 

•on 

•0 

•001 

•001 

•002 

•003 

•004 

•004 

•006 

•OOG 

•000 

•007 

•014 

1-0 

0-001 

0-002 

0-003 

0-003 

0-004 

0-005 

O-OOG 

0-007 

0-008 

0-009 

0-017 

•1 

•001 

•002 

•003 

•004 

•005 

•OOG 

•007 

•008 

•009 

•on 

■021 

•2 

•001 

•003 

•004 

•005 

•OOG 

•008 

•009 

•010 

•on 

•013 

•025 

•3 

•001 

•003 

•004 

•OOG 

•007 

•009 

•010 

•012 

•013 

•016 

•029 

•4 

•002 

•003 

•005 

•007 

•009 

•010 

•012 

•014 

•016 

•017 

•034 

1*5 

0-002 

0-004 

O-OOG 

0-008 

0-010 

0012 

0-014 

O-OIG 

0-018 

0-020 

0*039 

•G 

•002 

•004 

•007 

•009 

•Oil 

•013 

•015 

•018 

•020 

•022 

•045 

•7 

•003 

•006 

•008 

•010 

•013 

•015 

■018 

•020 

•023 

•026 

•060 

•8 

•003 

•OOG 

•008 

•on 

•014 

•017 

•020 

•023 

•025 

•028 

•050 

•0 

•003 

•OOG 

•009 

•013 

• 01 G 

•019 

•022 

•026 

•028 

•031 

• 0 G 3 

2-0 

0-003 

0-007 

0-010 

0-014 

0-017 

0*021 

0-024 

0-027 

0*031 

0-036 

0-070 

•1 

•004 

•008 

•012 

•016 

•019 

•023 

•027 

•031 

•036 

•039 

•077 

•2 

•004 

•008 

•013 

•017 

•021 

•025 

•030 

•034 

•038 

••042 

•086 

•3 

•006 

•009 

•014 

•018 

•023 

•028 , 

•032 

•037 

•042 

• 04 G 

•092 

•4 

•006 

•010 

•015 

•020 

•026 

•030 

•036 

•040 

•046 

•060 

•101 

2-5 

0-006 

0-011 

0-010 

0-022 

0-027 

0033 

0-038 

0-044 

0-049 

0-064 

0-109 

•6 

• 00(1 

•012 

•018 

•024 

•030 

• 03(1 

•041 

•047 

•053 

•059 

•118 

•7 

•000 

•013 

•010 

• 02 G 

•032 

•038 

•045 

.•051 

•057 

• 0 G 4 

•128 

•8 

•007 

•014 

•021 

•027 

•034 

•041 

•048 

•056 

• 0 G 2 

• 0(59 

•138 

*9 

•007 

•016 

•022 

•030 

•037 

•044 

•052 

•059 

•OGO 

•074 

•148 

30 

0-008 

0 -OlG 

0-024 

0032 

0-039 

0-047 

0-066 

0 - 0 G 3 

0 -() 71 ' 

0-079 

0*158 

•1 

•008 

■017 

•025 

•034 

•042 

•051 

•059 

■ 0(58 

• 07(5 

•084 

• 1(59 

2 

•000 

•018 

•027 

•030 

•045 

•054 

• 0 G 3 

•072 

•081 

•090 

•180 

•3 

•010 

•019 

•029 

•038 

•048 

•058 

•007 

•077 

• 08(5 

• 09(5 

•192 

•4 

•010 

•020 

•031 

•041 

•051 

•OGl 

•071 

•081 

•092 

•102 

•204 

3-5 

0-011 

0-022 

0033 

0-043 

0-054 

0 - 0 G 5 

()'()7(i 

0 -() 8 (> 

0097 

0-108 

0 - 21 G 

•0 

•Oil 

•023 

•031 

• 04 G 

•057 

•OGO 

•080 

•092 

■103 

•JU 

•229 

•7 

•012 

- 02-1 

•030 

•048 

•OGO 

•073 

•085 

•007 

•109 

•121 

•242 

•8 

•013 

• 02 G 

•038 

•051 

• 0 G 4 

•077 

■080 

•102 

•115 

•128 

■ 25(5 

•9 

•013 

•027 

•010 

•054 

• 0 G 7 

•081 

•004 

•108 

•121 

•135 

• 2(59 

4-0 

O-OM 

0-028 

0 - 0-13 

0-057 

(>• 07 1 

0-085 

0-000 

(>’113 

0-128 

0-142 

0-284 


Table TII 

Values of “R” in Millimetres for S ^24 Metres, 1*728 mm., h in Metres 


K 

• 0 . 

• 1 . 

• 2 . 

• 3 . 

•4. 

• 5 . 

•G. 

• 7 . 

• 8 . 

• 9 . 

0 

0-000 

0-000 

0*000 

O'CKM) 

O-OOO 

O-OOl 

O-OOl 

0*()01 

0-002 

0'002 

1 

•003 

•004 

-00 1 

•005 

•OOG 

•007 

•008 

•009 

•OK) 

•on 

2 

•012 

•013 

■014 

•OIG 

•017 

•019 

•020 

•022 

•024 

•025 

3 

•027 

•029 

•031 

•033 

•036 

•037 

•039 

•042 

" -044 

•040 

4 

•049 

•• 

•• 

•• 

- 

•• 

•• 

•• 

•• 
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In practice the standard tension is applied at one end 
of the tape, and it makes a difference whether this 
is the higher or lower end of the tape. The error 
caused is made up of two parts, (1) the elastic exten- 
sion of the tape, and (2) the change in the shape of 
the catenary. The change is small in any case, 
but not negligible on steep slopes. If each span 
is measured once with the standard tension applied 
at the upper end and once with the tension applied 
at the lower end, error (1) will obviously cancel out 
in the mean, and it can be shown that error (2) will 
also cancel out almost entirely so that the residual 
error is quite negligible. These errors can thus bo 
easily avoided. 

It remains to consider tho accuracy attainable 
with this method of base measurement. The errors 
can be divided as follows : 

(i.) Errors in Standardising the Tapes. — This is 
most important, as a proportional error in the 
standardisation of the tape gives tho same propor- 
tional error in the final result. A probable error of 
about O'B/x should bo attainable. 

(ii.) Errors in the Readings . — In taking readings 
on the millimetre scales an error greater than 0-2 mm. 
should be very rare. This will give a probable 
error of about 0-06 mm. for one reading of one scale. 
If twenty readings are taken in aU, the probable 
error for one tape length will be about 0*02 mm. 
As this error is in no way systematic, tho error for 
the whole base will only increase as the square root 
of tho number of tape lengths, so tho error for a 
6 km. base measured with 24'm. tapes would only 
be about 0'07/z. 

(iii.) Errors due to Temperature. — In reasonable 
conditions tho temperature of the tape should be 
known to within 1® C., which would give a maximum 
error of 0 •6/x for any one span. Tho error in the mean 
should be much less than this, probably not more 
than a tenth. 

(iv.) Errors due to Change in the Tension . — ^If the 
tension is applied during tlie measurement by an 
apparatus different from that used when the tape 
is standardised, a constant error may bo introduced, 
which may be serious. An increase in tension acts 
in two ways — (a) by flattening tho catenary, (6) by 
stretching the tape, the error caused by a change in 
tension dT being 

2X— +vldT, 

where l/v is tho cross-section multiplied by Young’s 
modulus. If 5T/T=0-01 the error duo to (a) will 
be about 1*6/^ and that due to (&) about 3 * 0 / 4 , v being 
about 0'0007. Tho standard tension should there- 
fore be kept constant to within -^th per cent to 
ensure an error not greater than 0*6/^ 

(v.) Errors due to Change in Weight due to Dirt, etc. 
— A change in w will produce a change in tho shape of 
the catenary, and will alter X by an amount 2X5w;/w, 
and with the standard wire when X=!l*72 mm., 
w = 17*32 gm., a change of 1 per cent in w will cause 
an error of 0’036 mm., or 1-6/z. 

(vi.) Errors due to Assuming Incorrect Values for 
T and w . — Such incorrect assumptions will lead to 
an incorrect value for X. If the tape has been 
standardised on tho flat, and then used in catenary, 
it is necessary to know X with tho same accuracy as 
A, and any errors in tho values assumed for T and 
w will produce the errors given above (iv. and v.) 


for a change in T and w. If tho tape has been 
standardised in catenary tho correction R is the only 
one affected, and tho error introduced will always 
bo loss than 5X, and generally very much loss. Witli 
/i/S=»0-6, 5R is about 0-35X. 


5X_2X®+2X^, 
T w 


hence 5R is less than 


o-6«|+o.o?5?. 


hence an uncertainty of 1 per cent in T or w will only 
produce an error of about 0 - 2 / jl , even on very sleep 
slopes, when using the ordinary 24-m. wire. 

(vii.) Errors due to Inaccurate Mmsuremeni of h . — 
An error in h affects all three corrections P, Q, and R, 
but P is the most important. 




which increases rapidly as h increases. A probable 
error of 1-5 mm. in A is easily obtained, in tJiis 
case 5P=0-000007i., if A =2 m. for every span tho 
probable error of P per span is 0-12 mm., or Bp.. 
This error, however, will largely cancel out, and for 
a base ^200 spans tho probable error will only 
bo 6/ s/ 200 , or 0-36/4 ; even with /M»a4 it will still be 
under 0-7/4. With care tho probable error of h 
can be reduced to 0-6 mm., in which case s1()])(‘H of 
I can bo measured, still keeping tho final probable 
error below I/4. 

(viii.) Effect of Change of Qravity . — If the tn,po is 
standardised in one place, and used at another, the 
effect of change of g must be conHid(‘ro<l. An increase 
in the value of g will increoKc 1’ and w, both in the 
proportion Bgjg. The increase in T will increase I 
by an amount vfVBgIg, and this can, if neoessary, bo 
aUowod for. As le/T remains constant X will not Iks 
appreciably affected. If the tension be applied by 
a spring and not by a weight, T will nmiain const aiit, 
but w will alter. In this case I will remain constant 
but X will bo slightly increased, and this can also bo 
allowed for. 

Repehenokb roE § (42) 


For fuller details of the above t heory see Professional 
Papers of the Ordnance- Snreeu,iSe^'f No. I, IJK)2. 

“ Use of Invar Win^s," Jkmolt and (Juillaunio 
{he. cit.). 

(The tables for correction dm^ to change in shape 
of the catenary on a s]o])o are incorrect, b(4ng about 
double the correct amount.) 

Report of U.S, Coast and Geodetic Surrey, 1802, 
App. 8. 

A. E. Young, Phil. Mag. xxix. 00 (considers the 
effect of tho rigidity of the tap(‘). 

A paper by (1. H. Knibbs (Journal of the Royal 
Society of New South Wales, xix. 20) on “ A Systtuu (»f 
Accurate Measurement by M(‘ans of Jjong Ste(‘l 
Ribands,” gives formulas which apply more (‘specially 
to the method by which the sag correction is 
eliminated by altering tho tension. 

0. W. Adams, in a paper on “Tlu^ M<‘asur('in(‘nt of 
Distances with Long Steel Tapes,” r<‘ad bcl’on' IIk^ 
Victorian Institute of Hurveyors in 1888, gives tabl(‘S 
for tho sag corrections for a number of ensi's. 

Tho last three papers ap])ly nutro to accurate 
traverse work than to base mcasurcmiint. 


K. (). ir. 

General Reeeeenoes 
A, R. Clarke, GeMesy (London). 

G. L. Hosmer, Geodesy (New York). 

C. F. Close, Text-hook of Topographieal and Geo- 
graphical Surveying (London, 2nd od., 1013). 
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Jordan, llandhuch der Vermessungskundc 
(Btilttecart, 3 vola.). 

^ -.W’liiteliiw, Jun., (Purveying ns Practised hy Civil 
JStt'ffiaaers ami Surveyors (Ijondon). 

li. Johnson, Theory and Practice of Surveying 
(New ■:^ork, 17tli ed., 1014). 

^ncf/TclopMic der mathematischen Wissenchaften 
(Leipzig). (Vol. vi. deals with Surveying and gives 
ma/Xiy i-'oferenees.) 

IdC. Gore, A Bibliograjihy of Oeodesy, 2nd ed., 
with tiio Report- of the SuperinUmdent of the 
Goa St and (ieodetic Survey for 1901-2, p. 429 
(W^asliington, 1903). 

Accounts of t?ie. Ordnance Survey, Thfi Survey 
of The U.S, Coast and Geodetic Survey, and 


similar T>ublieations should ho referred to for details 
of actual largo surveys. 

Gcnorjil reports and suminaries of ])ro"rcHS aiipcar 
in the Verhandlung der nllgemeine Konjerence der 
europiiischen Qradmessung, after 1880 der Inter- 
mitionalen Rrdmessung (Berlin, 1805-1912). 


Symmetry, Elements oe, belongino to a 
Crystal : axis of symmetry. See 
“ Crystallography,” § (0) (ii.). 

Plano of symmetry. See ibid. § (0) (i.). 
Symmetry op Crystals, Classes op. See 
“ Crystallography,” § (8). 


T 


Ta.C33:ometrio or Stadia Surveys, general 
3mo-fcliods. See “ Surveying and Surveying 
Ins-trumcnts,” § (20). 

Ta-XjBot’s Law, concerns the apparent bright- 
ness of intermittent lights. See “ Eye,” 
§ ( 18 ). 

Ta^kk: Furnaces for Melting Glass. See 
G-lass,” § (15) (ii.). 

Tai>es in Catenary, Theory of. See “ Sur- 
veying and Surveying Instruments,” § (42). 
Tajpes or Wires in Catenary for Base 
Measurements. See “ Surveying and 
Stirvoying Instruments,” § (41) (ii.) and 
(iii.). 

in -traverses. See ibid. § (12). 

TARTARIC ACID. 

03?TICAL ROTATORY POWER OF 

§ ( 1 ) IHrsTORiCAL, — ^Tho optical rotatory power 
of tai'taric acid was discovered in 1832 by 
Biot, ^ who devoted one of his longest memoirs * 
to a <3letailod account of its properties when 
mixocX with water, with alcohol, and with 
w-oocl- spirit. Biot found that tartaric acid, 
whieii “ dissolved in different fluid media, 
exorcises on the pianos of polarisation of 
liglit a special power, which distinguishes it 
from all other substances studied hitherto.” 
Tlreso had agreed with quartz in obeying, at 
lea^st approximately, Jflot’s law of inverse 
squaroH, according to which the rotation is 
l)rc)])<>rtional to the reciprocal of t.lio square 
of tlu’j wave-length of the light.^ This agree- 
monti had l)e(m verified in the case of turjxmtino, 
alono and mixed with ether, and of cane- 
Hu^ar dissolved in wat<^r, (i.) by comparing 
tho tints with those produced by ecjuivalent 
plsittOH of quartz, and (ii.) i).y (dimiriating tho 
oJEToctH of rotatory polarisation with the ludp 
of a <xuartz plate of opposite sign acting as a 
oc>xnx>onsator. When, how'ovor, tartaric a<u<l 
wOiS compared with cpiartz, no such parallelion 

1 nreim. Aead. Sei„ 1836, xlil., Table G, p. 308 ; 
pai^or r(‘acl Nov, 5, 1832. 

» I h id., 1838, XV. 93-279 ; paper read January 11, 
18:30. 

Sc'c “ Quartz, llotatory Power of,” § (3) (1.). 

« AX4in. Acad. Sci., 1838, xv. 23C, 


was observed, tho rotations of tho common 
dextro-rotatory acid for tho chief colours being 
as follows : * 



Quartz. 

Tartaric Acid. 

Red .... 

18‘99° 

38° r 

Orange 

21*40 

40 20 

Yellow .... 

23*09 

42 51 

Green .... 

27*80 

40 11 

Blue .... 

32*31 

44 40 

Indigo .... 

30*13 

42 0 

Violet .... 

40*88 1 

30 38 


Similar phenomena were observed when 
tartaric acid was dissolved in alcohol,® but 
Biot found that “ when it combines with basic 
substances in tho same media, it loses its 
special action and imprints on tho products 
the i)roportios common to all bodies endowed 
with rotatory power.” ® 

§ (2) Jnpluknok op Water. — Biot dis- 
covered that “ in aqueous solutions of tartaric 
acid at a given tomi)eraturc, tho rotatory power 
of tho acid calculated for each simple ray is 
always of tho form A H* He, where c. ro presents 
the ])r()])ortion by weight of wat(T in tho 
solution.” This law was illustrated by 
[)l()tting a against e for a serums of wave- 
lengths, in a diagram {Fig. 1) which nwembloa 
the “ Characteristic diagram ” of Armstrong 
and Walker.® Hiot’s linear law is only an 
approximation, but it enabled him to predict 
that tho rotatory power A of t.he anhydrous 
acid, for the red light transmitted by glass 
coloured with cuprous oxide, would change 
sign at 23° ()., being positive above this 
temperature and negative below it.® This 
predk^tion was verified, after an interval of 
over ten years, wlum Laurent in 1841) dis- 
oovtu’cd a method by wlu(<h tnoistemed tartaric 
acid could be fused and cooled to a trans- 
parent glass in thieknossos up to 70 mm. ; 
a oolutnti 70 mm. in thickness at 3-5® C. tlim 

® Mfini. Aead. Sei., 1H38, xv. 245. 

" Jhid., 1838, xvl. 229; rjaperread Nov. 27, 1837. 

’ Ihid. XV. 210; (UmptM Rendus, 1835, i. 459, 

" Proc. Roy. Soe., 1913, A, 88, 388-403. 

• Mhn. Aead. Sel, 1838, xvl. 209. 

« Ann. Chim. Phys., 1850. xxvlU. 363. 
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gave [a]re(i = " 2*787°, where Biot’s calculations 
gave the value -2*752°. Quite recently those 
experiments have been extended by Bruhat,^ 


tures ranging from 15° to 185° C., and for 
colours ranging from w.l. to ()81 /a/a ; 

these rotations aro thoroforo availa])lo as 



who has measured the rotatory powers 
of the fused or glassy acid at tempera-* 
1 Trcm. Faraday Soc,, 1914, x. 89. 


limiting values to chock the f( 7 rmuIao used 
to express the influence of dilution with wat.or 
on the rotatory power of the acid. Thus 
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Winther^ made use of a parabolic formula 
to express his measurements, which -were not 
covered by the linear law ; but this parabolic 
formula gives larger errors for the anhydrous 
acid than docs the linear formula. The most 
recent investigations have shown that an 
equation with five arbitraiy constants would 
probably be required to express accurately 
the relationship between rotatory power and 
concentration ; apart from this, a linear law 
is probably the best approximation, e.g. the 
following formulae are correct at e = 0*55 and 
0-85, and do not differ very widely from the 
observed values even at e=0. 


Table I 

Speoifio Rotations op Tartaric Acid in Aqueous 
Solutions at 20° 


Wave-length. 

Rotation. 

Cd 6438 

[al*= 0-7733 -M2-0867fl 

Na 5893 

[a]= 0-H00-i-14-7433fl 

Hg 6780 

[a]=- 0-1416 -I-16-4183C 

Hg 6461 

[a]=- 1-0360-1- 17 -GOOOe 

Cd 6086 

[a]=- 2-6736 20-6220fl 

tld 4800 

[a]-- 4-9628 -1-23-82336 

Cd 4678 

[a]«- 6-3217 H-25-6067e 

Hg 4368 

[a]«- 11-1982 -I-30-2167C 


§ (3) Rotatory DisrERSioN in Tartario 
Aoid and its Esters. — Although the rotatory 
dispersion of tartaric acid and many of its 
derivatives is highly anomalous, it has boon 
found that the rotatory powers of methyl and 
ethyl tartrate (Fig. 2), both as homogeneous 
liquids and in a wide range of solutions, can 
be expressed by formulae of the typo ® 

/'j /*2 

In this formula the positive and the negative 
term are each of the ty})c that servos to express 
the rotatory power of the large array of 
substances which exhibit “ Him])ie ” rotatory 
dispersion, as expressed in the formula 


This result is in accordance with the view of 
Biot, Hiibscquently elaborated by Arndtsen,* 
that anonialotiH rotatory dispersion can be 
produci^d by, and is commonly due to, the 
incomphd-e compensation of the rotations of 
two com])ounds, opi)osite in sign but of un- 
equal dispersive power, so that c.ompleto com- 
pensation is only possible for one wave-length 
at a time. 

The dispersion curves for tarl'-aric acid 
resemble those for the esters very closely, 

^ 7jn\»el\T. phVHik'al. Chm., 1002, xll. 180. 

“ 3A)wry and l)i(^kH(m, Trans. Chem. 1016, 
evii. 117;}; bowry and Abram, ibid. p. 1 187. 

“ bowry and Dickson, ibid., 1011}, cUl. 1067. 

‘ Ann. Chim. Fhys., 1858, liv, 421. 


e.< 7 . Bruhat’s curve for the specific rotatory 
power of glassy tartaric acid at 44-6° is 



identical with, and can bo superposed on, 
Winther’s curve for methyl tartrate at 80° ; 
there can, therefore, bo no doubt that the 
glassy acid behaves as a lower homologuo 
of the esters. The dispersion-curves for 
aijiuoous solutions of the acid, which are shown 
graphically in Fig. 3, can also be represented 
by the same formula as in the case of the esters, 
the values for the constants in a few typical 
cases being as follows : 


Taiu.h Tf 

RoTATt)RY DisCKRSION IN AqUMOUH SoLXmoNS OF 
Tartario Acid at 20° 



k 

kt 




A*-Aa 

a* 


A,*. 

Aj‘. 

kx. 

A :,. 

0-46 

0-030 

0-074 

17-127 

1 2-003 

0-60 



17-186 

12-043 

0-66 


99 

17 -( J 86 

n -877 

()- 6 () 



18-063 

11-866 

0-66 


99 

18-.367 

11-812 

0-70 

99 

99 

18-709 

11-799 

0-76 

99 

99 

18-936 

n-714 

0-80 

99 

99 

19-100 

11-624 

0-86 

99 

99 

19-486 

11-606 

0-90 

99 

99 

19-657 

11-476 

0-96 

99 

99 

19-692 

n -108 
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§ (4) Other DERiYATivEiS of Tartaric 
Acid. — ^In the case of the tartrates of the 
alkali metals, the principal anomalies noted 
in the acid disappear, as Biot recorded in 


smaller, so that tho rotations are positive 
throughout the visible and part of the ultra- 
violet spectrum. The most interesting of 
the derivatives of tartaric acid arc boro- 



1837 ; thus the solutions are consistently 
dextrorotatory and the rotations increase 
progressively with diminishing wave-length 
(Fig. 4), in some cases in close approximation 
to the law of inverse squares. A careful study 


tartaric acid and tartar emetic, since these 
alone amongst tho substances hitherto in- 
vestigated give doxtrorotations obeying tlio 
“simple” dispersion law. In tho caso of tartar 
emetic the rotations become negative when 



of these rotations ^ has shown, however, that 
they cannot be expressed by the one-term 
equation which applies to cases of “simple” 
rotatory dispersion, but require a formula 
with two terms, just as in the case of the acid ; 
the negative term is, however, very much 
‘ Lowry and Austin, Bakorian Lecture, 1921. 


the salt is dissolved in concentrated potassium 
hydroxide, but those solutions, like those 
of the original salt, exhibit simple rotatory 
dispersion. 

§ (5) Origin of Anomalous Rotatory 
Dispersion. — Tho vast majority of optically- 
active compounds, including the secondary 
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alcohols, and tho sugars, ox hihit simple rotatory 
cliHiKU’sion, although they may contain a 
considorahlo ninnI)or of asyinniotric carbon 
atoms, often, in oloso association witlr tho 
unsaturatod linkages to ’which so many 
optical aiionialios are duo. Tho structural 
formula flC) • C^C) • CHOU • CmOH - CO • OH 
commonly assignat I to tartaric acid giv’oa no 
hint as to why this arid and its esters should 
give anonialouB rotatory dis]>crsi<)n, when the 
closely rclatod sugars do ik >t. It is thoro- 
foro prohahlo that this foimiila is not a 
comploto n'lpi OHcntation of tho molecular 
structure of the arid *is it ox.ist» in tho fused 
state or in solution, altli(.)iigli it may porhaj)s 
provide a cor root picture of tho structure 
of tho solid cTystallino a(!i<l. In tlio case 
of nitrocainphoi ^ it lum boon proved that tho 
solutions contains labile isoniorklo of o])po8ito 
rotatory j)(>wer, 'vvhiclx ia roconvertod into tho 
original compound when tho aolutious are 
iiHowed to ciystalUso. Thw labile isoinorido 
has not been isolatiul, although several of its 
dorivativos are known ; thoBO posHess a high 
dtixtrorcjtatioii, ■whon^as tho parent substanco 
is laovurotiitory in most solvouta. A satis- 
factory explanation of all tho ol.isorvations is 
given by assuiuing that in solution a reversible 
istmierio change takes place, as I'opresontod 
by the scheme 

JMitrocaniphor. Psouclonitrooainxdior. 

This j)lienonien(in is usually described as 
“ dynamic isorticrism.” 

hi tho case of tartark^ atdd the evidcuoo 
for tho oxisteiu^o of a labile isoiueride in solu- 
tion is less compUd-o, siiu^e it is not jjossiblo 
to follow the prognm of tho iso meric change 
by means of tlie cdiangiiig rcitatory power or 
“ in u taro tilt ion ” of tlicj freshly dissolved 
niat<‘riiLl ; but the solutions have all f.he 
optical projKM’t.iciH of a luixtiirc of isouierideH 
of opposite rotiitory powor auid uiUMjiial 
<li.s|)(u\si<»ii, aiul t.hmi ii r(' no obHcMratioiiH 
whi<ih contradiel. th(^ vi<i\v’ tlint the hype )tli(‘'siH 
of Hiot and Arndt.scn uh to tlio origin of tho 
nnomulouH <liH| xirHioii <'aii I)c;ippliod- 

Tlu< HtriK'tiire to b<i assigned to tlic labile 
form of tartari<’ ludd has yet Ikhmi deter- 
mined, although <l<Tivul.ivi>s of b tth foriiiH 
are now known § ( t) uhove) whioh exhn>it 
situplo rotatory disperHioiiH of o[ij>oHito sign 
and unequal magnitude. 

§ (d) Dwxmo- ANi> lAKVo-TiiimiuiJ A(ui). 
— In virtue (d the two aHyniuH^trie <rarhou 
atoms \vlii<’.h it <*out.ainH, tnrturic ud<l (ran 
<rxist hi four modilicrtUons, of which two are 
ojiiicmlly aerlivo and two inactive* ITicse may 

^ Lowry, 'J'mns, Vkm, iSoc.i Jl8l)l>, Ixxv.tSU. 


ho ropresonted conventionally thus : 

ao • CH • COOH HOOO • CH • OH 

HOOC ■ CH • OH HO • CH ■ COOH 

(i-Tartario acid. Z-Tartaric acid. 


Racemic acid (inactive). 

HO • CH • COOH 

HO • CH • COOH 
w^o-Tartaric acid (inactive). 

Racomic acid was discayored by ICestnor 
in 1822, and regarded as an “isomer*’ of the 
oainmon tartaric acid, which Scheele had 
dosoribod in 1709; but it was not until 
1848-53 that Pasteur, hy carefully sorting 
out tho crystals of socdiuin ammo-nium racemate, 
proved that racomio acjid is a mixtine of the 
common dextrorotatory tartaric acid with aa 



Dextro-tartaxic A.oid. Lucvo-tartaric Acid. 
FIG. 5, 


oq[ual amount of an onantiomorphous laevo- 
rotatory acid. Tho properties of this acid 
arc an exact lopUca of those of the doxtro- 
a(‘id oxt‘C])t as regards rotatory power, 
crystalline form, otc., wlioro a reversal of 
sign is poBsiblo. All tlio phonoruona of 
aiKUiiulous rotatory dispersion, wliieh have 
l)(M»n (lcs<tril>od in tho previous paragraphs 
ft) r doxtiv > -tarta rio acid, 
nro tlioroforo ro{)cntcd in 
laovo-tartaric acid, but 
with the sign of tho 
rotatioHH rcv<THed. 

'Phti ndationship bo- 
t\v(wii rotatory power 
and crystitHino for[m 
which exists in the case 
of (juartz is fonud 

again in tartiiric acid and 
tli(» tartriitos. Thus tho 
(trystalluKi forms of d- 
arid /-tartaricj acid, as 
Hliown in >’/(/- 
(ttiaiitiojuorphous just like doxtro- and hovo- 
(luart.'/. On mixing those two acids, how- 
ov('r, they unite to form a. racemic acid 
[Fit}. 0) whicjh crystallisofl in a form in which 
oiiantiomorphism (does not occur. All the 
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metallic tartrates unite in a similar manner 
with, their isomerides, giving rise to inactive 
double-salts or “ xacemates ” in which no 
enantiomorphism exists. In one solitary 
instance, however, namely, in the case of 
sodium ammonium tartrate, the racemate 
breaks up, at temperatures below 26°, into 
the two component tartrates, which therefore 
separate from cold solutions in enantio- 
morphous crystals of equal and opposite 
rotatory power ; it was by the study of this 
unique case that Pasteur was led to the 
discovery of the relationship between optical 
activity and crystalline structure and to the 
experiments which culminated in the isolation 
of laevo-tartaric acid. jij, l. 


Taylor, H. Dennis, details of triple astro- 
nomical objective by. See “ Telescope,” 

§( 5 ). 

TsETH-oirTTiNa roR Divided Cirolbs. See 
Divided Circles,” § (8). 

Telemeter, Stereoscopic. See Range- 
finder, Short- base,” § (2). 

Telephone as Sound Reproducer. See 
« Sound,” § (58). 

Tblephotombter : an instrument for measur- 
ing the brightness of a distant surface. Soo 
“ Photometry and Illumination,” § (118). 


TELESCOPE, THE 

The aim of this article is to describe the 
telescope as a physical instrument, defined 
by the limitations which are imposed upon it 
by the purposes to which it is directed, by 
the construction of its optical parts, and by 
the geometrical features of its support or 
mounting. This will exclude the description 
of some forms, the interest in the construc- 
tion of which is purely astronomical or which 
are otherwise restricted to special technical 
application. It will limit the theory to those 
geometrical cases that subserve the purpose 
of rendering visible inaccessible and distant 
objects. In essence, the method of making 
a distant object accessible is to replace it by 
the image of it which a converging lens or 
mirror forms near its principal focus. This 
image may then be impressed upon a photo- 
graphic plate, or examined visually with a 
second lens. In the latter case the second 
lens or eyepiece is treated as part of the 
telescope. This difference separates the two 
cases so widely, as problems of optics, that they 
will require in largo measure separate thecxrcti- 
cal treatment, different features rising into 
importance or dropping out of it, in the one 
case or the other. 


§ (1) Geometrioal Theory. — We Hhall 
begin by rehearsing the results of geonudirical 
optics as far os they apply to the visual 
telescope consisting of an objective and 
eyepiece. The standard case — to which any 
other actual ones are approximate — ^ft)r an 
object given “ at infinity,” places the imago 
also “ at infinity,” since the normal eye at 
rest brings a parallel beam to a foems on the 
retina. Hence, regarded as a general optkud 
instrument, the telescope is a (h^gem^rato 
case, with all the cardinal pfunts at infinity 
and the focal length infinite also. Only 
one case need bo considered, namely, that in 
which objoctivo and eyepiece both a(^fc like 
converging lenses. The Galilean combination, 
in which the eyepioco is a negative i» 
now obsolete oven as a field glass, t.hough 
it has fotmd application elsewhere in the b'le- 
photo lenses of cameras. In regard to eye- 
pieces it is customary to distinguish on<^ of 
the two standard forms, the Ramsden, tis 
positive, and the other, the Huyghens, 
negative. But in theory both are of th(i same 
type, acting like a single (converging lens, in 
which the anterior principal focus ])r(u^t^cle» 
the anterior imit point, the esseutial dilTer- 
once being that for the Huyghens eyepiece 
this principal focus lies between the tw'o 
lenses and is thoroforo inaccessible for Hjvider 
threads or the apparatus of moiwurenient. 
In fact the Huyghens eyepiocRS turned round, 
is used as a magnifying lens und('r t-he^ 
name of Wollaston’s doublet. See kdow, 
§( 6 ). 

Moreover, as far as simple point-to-point 
oorrospondonco goes, any combination of 
lenses used as objective or as oy('pi(K‘(H tiifTcw 
from the ideal thin lens ” only in S(‘parat- 
ing the two unit j>oints. Suj)preHHing this 
difference, we may summarise all th<i trases 
under a single model. 

Lot A, a (Fig. 1) be the positions of the 
objoctivo and eye lenses ro8peetiv(*ly, or of 


1 ^ 



F P A 


g ' 


,Kia. I. 


the (united) unit points of the objt'ctive- 
and eyo-oombinations, the lensc^s being tre^afed 
as thin ; E, F', /, the anterior and 
posterior principal foci of thes(s In the pn*- 
sont case F' and f coincide. i FA AF^ 

<l>=fa^af\ Now any ray ent<'ring paralh»l 
to the axis will emerge i>arall(d U> the axis, 
its distance from the axis Inung rt'diHred 
by the factor a//AF' ; - l/m, say. It 

follows that if Q<7 is the imag(» of any obje<tt 
Pp, the linear magnification is - l/m, the 
same for all distances. To find the n^ativc 
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poaitii^ns of P, Q, call R the intermediate 
focus. Then ^ 


or 


(Ij2 

EP 


= RF' = R/= 


02 

fQ’ 


EP=m2./'Q, 


If P is to the left of P, Q is to the left of f\ 
Equally, if P^, Pg bo any two objects and 
Qi, Qg their images, 


PiP2=m2.QiQ2. 

It is to be noted that F, /' are themselves a 
})air of conjugate points. So also are points 
at infinity. 

If M bo tho object which gives an imago 
at a, and N tho imago of an object at A, 
wo have 

M A = m . Aa = . aN, 

and tho object space and image space aro 
divided up into corresponding regions as 
follows {Fig. 2) : 


Object Space 


>U-- 

( 1 ) : (2) : 

TsVT” (4" 

CXi 

/“ N _ 

m: 

a: 

1 

a 

OQ 

Image Space 

1 M (xf 


(1') 


M F 

A 

Fig. 2 . 

Ai It 

1 It, 

(s') 


For rays not parallel to the axis, the con- 
struction is obvious. If 2/, y' are the relative 
breadths of object and imago, and jfcl, fi' the 
angles between original rays 1, 2 and tho 
corresponding emergent rays 1', 2', we have 
{Fig. 3) 


t 



Pig. 3. 


y/ = /i . 1\P2, . Q 1 Q 2 ; 

but PiPg^m^.QiQa 

and 2/ = — • y '9 

so that 

and tho magnifusation of angle between any 
two rays is the same for all positions, as, 
of course, follows from tho general theorem 
that tho angular magnification is tho reciprocal 
of the linear magnification. The aj)paront 
distance for any object is simply 1/m times the 
actual distance. 

^ Sec “ Louhob, Theory of Simple,” § (3). 


The field of view is governed by the aper- 
tures 26, 2B of the eye glass and objective. 

The object glass gives as imago {Fig. 4) a 
ring of radius NN' = B/7?i, which is tho “ exit- 
pupil,” through which all rays meeting the 


__ ^ j a f\ 

FIG. 4. 

object glass pass on emergence. Similarly, the 
eye glass is tho imago of a rmg M'=6m, and 
this ring is tho “ entrance -pupil,” through 
which, again, all incident rays must pass. 
It follows that the field of view which re- 
ceives full illumination is of angular radius 
(6w- B)/MA = (6- B/m)/Aa, while the radius 
of partial illumination extends to {b + B/m)/Aa. 
It will bo remarked as evident that, apart 
from considerations of full and partial illu- 
mination by tho object glass, tho field com- 
manded by tho eyepiece is simply 6/Aa, and if 
6/B=:m=:0/d>, no beams except those parallel 
to tho axis will pass completely through the 
instrument. 

By an increase of tho aperture tho fully 
illuminated field is diminished, while tho 
partially illuminated field is increased. 

Any beam of light filling the object glass of 
radius B, and emerging through the exit- 
pupil of radius, say, Po» is thereby intensified 
in the ratio (B/po)^» or l^ut if the beam 
issues from an object of finite area, it will be 
spread on emergence over an imago increased 
in angular area in the same ratio, and tho 
“ brightness of tho imago will bo equal to tho 
brightness of tho object,” except for loss by 
absorption and reflection of light in tho tele- 
scope. To see the significance of this state- 
ment clearly, tho part played by tho eye must 
bo considered. 

In Fig. 5 Pp is an object ; two rays PA, pA 
meeting tho objec.t glass at A emerge as QN, gN. 
If tho eye bo ifiaced so that N is its ante-nodal 



Fig. 5. 


point, these rays proceed in parallel directions 
through N' tho post-nodal point, and tho area 
of the retina ef)vorod by the image is seen to 
bo X that which would have boon covered 
had the telescopic been removed and the eye 
I>laeod at A. Two qualific/ations, however, fall 
to be noticed. The retina is not continuous, 
and fails to recognise stimuli as distinct which 
fall, it is supposed, on tho same element of its 
structure. These elements subtend angles of 
about 1 minute of are at N'. Hence, if 
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subtends less than this angle at N, the in- 
tensification of the beam 'which the object 
glass effects will not be dissipated in its effect 
on the retina, and the brightness of a “ point- 
source” -will be increased by a telescope in 
the ratio mK Or, rather, in comparing the 
light gathered by the telescope with what the 
eye unaided would acq[uire, we haye the ratio 
where p is the radius of the pupil of 
the eye, and not which is eq,ual to 
Hence, for a telescope applied to a point- 
source, the intensification of light is constant 
and not dependent on the magnification em- 
ployed, apart from changes in the pupil of 
the eye ; but if applied to a finite area the 
intensity is never increased, and when the 
magnification is sufficiently high it is dimin- 
ished in the ratio Thus, for example, 

taking the diameter of the pupil of the eye as 
one-fifth of an inch, with a five-inch telescope 
the intensification of the light of a star would 
be about 26* times, equal to 7 magnitudes, 
while the background of the sky would bo 
progressively darkened, if the eyepiece em- 
ployed gave a magnification above 25 times ; 
a power of 100 would darken it IC-fold.^ 

§ (2) Defects of the Simple Theory. — 
This is the primitive theory of the telescope. 
We must now indicate how it is modified by 
actual oircumstauces, namely, (1) aberrations, 
or faults in the theory of strict linear corre- 
spondence^ in the object and image space; 
(2) diffraction phenomena; and (3) chromatio 
qualities of the glass employed, and other 
considerations, 

Iq dealing 'with these points we may now 
pass also from the visual telescope to the 
photographic instrument and direct attention 
to the faults of the field produced by the 
objective at its principal focal plane, treating 
the eyepiece briefly afterwards from the point 
of view of its capacity to correct some of tho 
faults. 

The telescope is distinguished from other 
image-forming systems as an instrument in 
which the ratio of semi-aperture to focal length 
is small, seldom reaching the value 1/10. Tho 
angular radius of the field considered is of tho 
same order. These are the elements upon 
which the geometrical aberrations depend, with 
numerical factors arising from the curvatures 
of the refracting or reflecting surfaces, their 
separations, refractive indices, etc. In such a 
case the aberrations can be expressed in a 
series proceeding by ascending odd powers of 
the aperture ratio and the angular radius of 
the field. 

Thus, if the exact expression for size and 
position were worked out, for the image corro- 


* On the use of night fflasses, for terrestrial objects, 
cf. Bayleigh Works, ii.. Art. 82, 96. 

§ (2) further details see « Optical Calculations,*’ 


spending to any given f)l)ject, if wo xetain 
only terms of tho first order of tho angular 
radius, we have the exact linear corrcsponckuK^o 
of object and imago field skotchod above ; but 
if we retain tho third oidcr of b()i,h the vari- 
ables jomtly, wo have a treatment (')f aberra- 
tions sufficient for tho telescope. 

§ (3) Von Seidel’s Five AnKURATioNa— 
Under the above limitation the independent 
aberrations are five in number only, for all 
pairs of conjugate foci, as was shown hy 
Seidel.® Supposing only one is proBcnt at a 
time, they permit of simple doHeri[)tion. lining 
B, ^ as above, so that 2TVd> is the ap(‘rturo ratio, 
lot bo tho angular distance of the object point 
from tho axis of the telescope. I,et etc,, 
represent tho aberrational ooc*iffi(uentH (‘xpn^HHed 
in terms of tho curvatures an<l r(‘fracfive 
indices of the lensos.^ Then we tsaii (leHC'.rilx' 
the matter ns follows : 

(i.) Spheriml Aberration ,^, — Kays which arc 
originally parallel to tho axis, from dilferciit 
zones of tho ohjoct glass, Kirike the axis ut 
different points {M(j. (J). It follows that 
whole beam is colloctod within a least circh^ 



of aberration ” at a coitain diatanec from lh<y 
principal focus. Tfio angular radius of this 
circle can bo shown to be JB®/*!' . uiul 
it comes after the principal foeus by a dU- 
tniico j|BM>.6^U. Tho extreme abt'rratiou i.s 

(ii.) Coma . — For an ohli<|U(> ray, for mu tnv 
zone, different points do not* bring <'o- 
incidenco parallel rays impinging on 
Rays from dianiotrieully opp<)Hit<' points of 
the zone intemoct, but the inU‘rM(‘<'t ioriH nn* 
distributed routul a oireh* (AVf/. 7), t h<^ cent ro of 
which is displaced, hy an amount e(pinl to its 
diameter, from tho focus eorrcHpoiiding to tli<* 
middle of tlie object gliiss; in <'(»nH(‘(pioriei> 
the light from a point w (list ril)ut<‘d in u 
flare or fan, of OO® opening, with iU tip at 
the linear focus. The “ (‘oum1.i<^ melius ” iw 
J/y . By<I> . 5gG. The condition SjjtJ • 0, i injilyiujj; 
equality of inagnitication for <lifTor<*nt zdnes, 
is sometimes known as the Friundiof(‘r cuiuU- 
tion, and sometimes as Abbe’s siiut condition, 
from tho form it takes for widc^ angle Hyst<‘nm, 


xxxvii. 

* Methwls of calculatliiK tlici 
found in » Optical CUlculatlonH.' 


coclllehuita will be 
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for which naturally it is of supremo importance. 
It is of hardly less importance for astronomical 
photography, and in the Newtonian reflector 
with the high aperture-ratios employed, the 
presence of coma spoils the images and scatters 
the light most seriously when the field is wide. 

(iii.) and (iv.) Astigmatism and Curvature of 
the Field , — These are faults depending upon 
the square of angular radius of the field. Bays 
from different points of the objective are not 


= 0, where c monfluros the departure of the figure 
from a spherical shape, coTTospoiicUng to a 

parabolic section. Tlio distortion is zero. The 
comatic displacement is directed out- 

wards ; for example, with an aperture d’/f), this 
readies 10" at a distance of Sd-" from the centre of the 
field; for the same figure the radius of the least 
circle of aberration is (1 - e) x f)"*4. 

For a system of two thin lenses in contact, 
the values of the coeflicients may bo written 



a 



Fig. 7. 


brought to any one focus. They do, however, 
all moot two “ focal linos,” a secondary focal 
lino in the piano of tho axis, and a primary per- 
])ondicular to it {Fig. 8), while midway between 
tho two linos they all pass within a certain 
“ focal circle,” which gives tho best approach 
to stigmatic representation. Tho curvature of 
the field may be considered to bo that of the 
surface upon which tho focal circles lio. Tho 
radius of tho focal circle is J/a®. B/<I> . and 



tho curvature of tho field 1/<1> . ( 53 G+ Sa^-), — 
two indc])cndont quantities. Tho condition 
whicli is somewhat erroneously known as 
Peizval’s ‘‘ condition for flatness of field ” 
implies 5;,(1 --- (tjll, and only gives a flat field 
if Oali-O or if tho system is otlierwiso made 
stigmati<^ 

(v.) Distortion . — Tliis is a representation of 
the oI)j(H!t field on tlu^ imago licdd stigmatically, 
but on a scale that varies with tho angular 
radius /■i. The angular measure of distortional 
displacement is denoted by /i®/F . 

Ah a Himplo example wo may writo down the values 
of tluwe cooffidents for the concave mirror of 
radius R, and tlu^n^forc' fo(^al length R/2. We luivo 
5jrj = ~(l-c)/R“, (JgO-O, 

^ For further particulars on these cootnclonts of 
ahorrution hoo kSampson, 2%il. Trans., 1912, ccxil, 149 ; 
1013, ccxlii, 27. 


down in terms of curvatures and refractive 
indices, and furnish a good guide to tho 
actual case of an ordinary objective, since tho 
aberrations are not greatly altered by small 
separations botwoon tho surfaces. Denote by 
Oi, C 2 tho curvatures of tho anterior and 
posterior faces of tho first lens, reckoned 
positive when convex to tho ray, l/n its re- 
fractive index, and writo /c=(l-l/n)(0j.-Cj{), 
p=:Jcny <?~(1 + l/w-)(0i + 0^), so that k is the 
reciprocal of tho focal length, p is Potzval’s 
expression, and q measures tho distribution of 
curvature between tho faces for given fixtal 
length, and distinguish tho like quantitu^s for 
the second lens by an ac^cent ; then, omitting 
5jO, tho expression for whicdi is too complicated 
to bo of much service, wo have 

K5a(J =» - l{7ikq In'k'q') 

- - n'kk' - - (k -\-k')^ 

« - l{nkq I aT’V) 

~i(a \ ln.'){k Ik'f, 

i JJ) '.U-P'H)' 

I, 

a^ll -0. 

ironoo for a ])air of thin lenses in contact 
tho distortion is zc^ro, tlu^ radius of the focal 
cirt'.le doponds only on tho aperture ratio B/F, 
and not at all upon the curvatures of the 
fa(^os ; tho samo is approximately true of tho 
curvature of tho fi(dd. Tho comatio displace- 
ment, . (5/1 - ■ gives an out- 

ward diroetod fan when positive, and inward 
when negative. Examining tho expression wo 




846 


TELESCOPE, THE 


see that it cannot be zero unless one at least 
of the quantities Icq, k'q' is negative, correspond- 
ing to 0 ^ 2 <C 2 ^ Ci' 2<C/2, or the anterior 
faces flatter. Eoundly speaking, a lens bulged 
out-ward towards the incident light gives coma 
directed to-wards the axis, and conversely. 

Since little or nothing can be done -with 
astigmatism and curvature of the field, these 
are usually passed over, and the faults of the 
objective considered*- under the heads : (1) the 
difference of points of concurrence of rays 
originally parallel to the axis, according as 
they strike the object glass centrally or at the 
rim, a measure of the extreme spherical 
abemation; and (2) the difference of focal 
lengths for rays falling in these manners ; this 
is equivalent to a determination of the comatio 
displacement as a difference of magnification, 
zone by zone. There are further considerations 
of the chromatic changes in these aberrations, 
namely, in the position of the principal focus 
for paraxial rays, in the principal focal length, 
and the chromatic difference of spherical aber- 
ration. The correction of this last fault is 
kno-wn as G-auss’s Condition. The questions of 
chromatic correction are considered below. 

§ (4) Pbaotical Treatment or the Aberra- 
tions. — For visual work and for photographic 
work confined to the centre of the field, the 
presence of a moderate degree of coma would 
matter little, did it not make the definition 
sensitive to small faults in “ squaring-on” the 
objective. For small cemented objectives a 
more common and often a gross fault is error 
of centring. Each lens surface possesses a 
definite axis and ‘‘centre,” being the line 
joining the centres of the anterior and posterior 
spherical surfaces and the points where this 
line meets the surfaces respectively. For the 
two constituents of a doublet the centres of 
contiguous faces must be set in coincidence. 
The further condition that the directions of 
the axes must also coincide will then provide 
for itself if the inner surfaces are of equal 
radius and in contact. If such a fault is pre- 
sent the definition is deteriorated generally, 
the best being located off the axis, and if the 
objective is rotated in its cell, the image 
usually describes a circle in the field. For 
larger glasses, in which proper care has been 
exercised in the manufacture, this fault is not 
so much to be feared. 

It must be recognised that refined optical 
theory has not played a large part in the de- 
velopment of the great astronomical object 
glasses. The doublet, with small ratio of 
aperture to focal length, is the simplest optical 
combination. Mathematical optics makes its 
performance and possibilities intelligible, but 
their most appropriate field of application lies 

^ Steinheil and Voit, Sandbuch d. angemincUen 
Optile, i., Le’‘T)sic, 1891. (Translation by J. W. 
French. Blackie & Son, 1918.) 


f in the complicated, wido-anglo pystoins re- 
quired in the camera and tho iiiicrc ) hc(>i)o. The 
most celebrated makers of loiises have boon 
men not much vorsod in theory, or have opc^nly 
said it was of littlo use to thorn. Fraiinhofor 
may he admitted as an oxeeption. IHh Hu<t- 
cessor Merz was tho greatest maker of t>bje<*t 
glasses in the middle of last (^entary. In j)ar- 
ticular he made a 15-iiich lens for Ht^rvarcl 
College Observatory, William Simms wuh 
engaged to examino this lens for pundiaso, and 
has left an interesting report “ upon it, in 
which ho says : “ Mr. Merz’s imNins of proving 
his object glasses are not sueh ns apjKNir to 
me best qualified to lead to a (lorreot n'HuIt. 
... It is merely tho examination of a printt'd 
paper, not by directing them to the heaven h, 
which in all cases, where it is praetteabks i« 
certainly the most desirable.” Neither Alvan 
Clark nor Thomas Cooke was a nuiii of theo- 
retical training ; they wore rather cousuminato 
artists and craftsmen. Ci, Clalvt^r is of tho 
same typo. An aceonnt hy (Jruhb ® of the 
making and testing of ohjeetives nuist bo read 
in relation to its <lato, but it exprosses tho 
view referred to with groat oinphitsiH : 

Object glmses canmt be made on impvr, WlK*n 
I tell you that a senHiblo dilTi^rc'net^ in c.ornHition for 
spboxical aborration can Ih‘ iiuulo by Iialf nn liour’s 
polisliing, . . . you will that it h pru(di<‘ally not 
nocossnry to onlor upon any fulculation for spheriral 
aberration. Wo know about wlxat form givw an 
approximate oorreetion ; wo adhon^ nearly to 
and tho rost is dont^ hy figuring of the Hurfwe. 'I’o 
illustrate what T mean. I would iKMjuito willing to 
undertake to alter tlu^ crown or flint, hnw of any of 
my objectives hy a very largo (plant ity, in(Tcaning 
one and dccrotiHing tliC' other so as to ulill Hatisfy 
the conditions of achromatism, Inif. introtlucing 
thoorotically a large unioimt of positives or nogativt' 
spliorioal aberration, anti yot. to make out <»f th(* 
altered lens nn olijwt glass porfcn'tly ctirnM't^d for 
splierical aberration. 

It woiikl 1)0 idle to disregard thoso oxanii)I(*H, 
though it may be thought that they aro bml 
models to follow, and that tlu'ory iiuist fmally 
justify itself. 1 n fact, it liiin alnsndy done* w », in 
tho case of tho two objectives of II. D. Taylor 
•referred to in § (5) (iv.). 'Phe mticli simpler 
case of making a mirror, with its ])ro]n‘r para- 
bolic figure, used to he in the same posit iofi; 
in consequence tho older mirrors sy^steni- 
atically deeply (iver-cM»rr(M',te<l ; hut. tin* de- 
volopiuontof tho knife-edge method of in<*aHur- 
ingtho figure in (lifT(‘rent Kones < has nuwie tho 
realisation of geoinetrienl ((orrect ik^hh of form 
a certainty. 

Tho great difficulty in tK^st ing a lens arises 
from its convex surfaces. The spherorntder in 


* Hansard AnnnU, IS-lfi, I. p, cx. 

* Jloyal luHtUiiiion, IHHfi. 

* Of. O. 1). P. Davies, Mm. Not, Klx. and 
_ «eio also " Ohjectlvcfl, Tt'stlng oi ( !oni- 


bolow, 8 <11). «(io 
pound, § (3) (11.). 
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in the first place not delicate enough for optical 
work, and in the second, occupying a great 
deal of time, only compares with one another 
a number of separate points of the surface. 
The lens is therefore put together and ex- 
amined as a whole, an artificial star near the 
eye end sending its light through the lens to 
a plane mirror which refiects it back again 
through the lens, forming an image that is 
examined close to the principal focus. The 
error in performance of any spot of the object- 
ive is hero doubled, and may be examined with 
some facility, and though it is not possible to 
say which of the convex surfaces contributes 
the fault, it is immaterial, since the fault can 
bo removed by figuring the anterior surface as 
the most convenient. If local variations of 
refractive index of the glasses occur, they 
might equally be dealt with by local figuring. 
Given sufficient skill, with the aid of these 
tests, lenses can bo made to perform up to the 
theoretical limit of resolution imposed by the 
wave structure of light (see § (7) below). 

§ (5) Details of Lenses, (i.) Alvan Clark. 
— Perhaps owing to the tentative character of 
the work of the groat artists, there are not 
many numerical particulars available of the 
most celebrated lenses. Alvan Clark’s two 
greatest lenses, the Lick telescope (30 inches) 
and the Yorkes telescope (40 inches), are 
similar in character. The curves of the former 
are given in the Lick Ohaervatory Publicatioriaf 
i. 01, as follows (adjusting the signs to the 
usual convention, + for a surface convex to 
the incident ray) : 

Ro== +259*5 inches = — Rj* 

1^4= “ 239*6 inches, Re= -f- 40,000 inches. 

The surfaces R^, Rg are separated by 6*5 
inches. The refractive indices are not stated. 
The glass was by Eoil of Paris. Those curves 
are in general agreement with those given 
by Stoinhcil and Voit ^ as representative of 
the groat American objectives, except that 
those authors make R^ somewhat greater than 
Ra, and the concavity of the fourth surface 
more pronounced ; the calculated aberrations 
they give show a fine performance, a minute 
residual coma and minute dilTerenco of focal 
length for colour being the only faults that 
remain. I’lie Hesparation of the lenses helps 
to satisfy the Gauss condition. 

(ii.) Thomas Cooke , — Thomas (tooke worked 
from curves in which, approximately, for re- 
fractive indices for the D ray 1*518 and 1*020 
respectively, 

Ro~2*000, R 2 = “3*000, double convex. 

R 4 = “2*815, Rg large, double concave. 

The second and third surfac^e are contigu- 
ous. Those leave a certain amount of residual 

^ Angmm^ Ojttik, p. 170. Case 8a*. 


inward directed coma, but are found so sound 
and convenient in practice that the firm ho 
founded still adheres to them. The correction 
for spherical aberration is made by the 
anterior surface of the fiint lens almost wholly, 
leaving the fourth surface to be modified at 
will to meet faults of achromatism. 

(iii.) Fraunhofer . — The correction for coma 
requires the crown lens to bo somewhat flatter 
in its anterior surface, and the flint lens to be 
a meniscus. The associated condition, known 
usually as the Sine Condition, Seidel called by 
Fraunhofer’s name, because it is nearly satisfied 
in a celebrated Konigsborg objective of 6*2 
inches, by Fraunhofer. The radii for this lens 
are, to an arbitrary unit, 

Ro= + *838, Rji^ — *334, 1*529. 

R4=“*341, Rfl= -1*173, ;a3=:1.639. 

These leave a residuum of outward directed 
coma. To satisfy completely the conditions 
for freedom from spherical aberration and 
coma, Steinheil ^ showed they should run 

Ro= + -696, R 2 =- *363. 

R4=“‘372, Re= “1*650. 

Comparison between the numbers indicates 
clearly enough how correct was Fraunhofer’s 
appreciation of what was required. 

(iv.) Taylor's Triple Objective.— Tho diffi- 
culties of constructing a largo objective are so 
great that simplicity of design is the domi- 
nating consideration. But there are two trii)lo 
combinations, both duo to H. D. Taylor, that 
have established thomsolvos in astronomical 
work in spite of this. The first {Fig. 9) is the 
j)hoto-visual object glass. By using throe lenses 
and choosing suitable 
glasses the combina- f 

tion is rendered per- 
foctly achromatic, and 
is refoiTod to further 
below, on the (piestion 
of achromatism. But 
the extra surfacos 
])crmit more choice Piq. 9. 

in the curves, while 

securing absencjo of sphcri(<al aberration and 
coma. 'J’huH the tliird, fourth, and last 
surfa(!(HH are con(‘.avo and may bo tested by 
rofloctiiim ; th(? second radius is exactly equal 
to the third, and the fifth to the 'fourth, 
permitting their truth to be tested also one 
i)y one. Only the first surface remains to be 
tested in the combined syst(un. The titmost 
skill and pn^caution an^ of c.ourso required in 
centring stu'.h a systtun. It has been found 
pra<^ti(uiblo to mak(i them with an a])erture 
I<718, without introdu(*.ing undesirably large 
angles of incidencio on the inn<^r surfaces. The 
other triple system is the well-known Taylor 

* i^itzungsber. k. JSmr, 1889, xlx. 418. 
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pLotographio lens (Fig. 10). A description is 
given of one of 10 inolies aperture and 45 inches 
focal length, constructed for Hr. Eranklin 
Adams, in Monthly Notices, Isiv. 

613, hut one has been constructed 
recently for Mount Wilson Observa- 
tory to work up to an aperture E/2. 

The objective consists of three 
separated lenses, the first and third 
of dense barium crown glass and 
the middle one of flint glass. The 
crown lenses are double convex, 
their outer siu:*faoes being the more 
curved ; the first lens is of lower 
power than the third, and the dis- 
tance from the first lens to the 
secon^ is about half as great again 
as from the second to the third. 

Separation of the lenses permits astigmatism 
and enrvature of the field to be corrected, coma 
is also corrected, and for a sufficient range of 
colour, spherical aberration is corrected for the 
neighbourhood of the ordinary photographic 
region of the spectrum, so that the images 
of stars are truly 

stigmatic up to f 

a radius of 
from the axis. 

§(6) ThbEvb- 
piBoi. (l)Euy^ 
ghens . — In con- 
junction with the 
optical perform- 
ance of the 
objective should 
be considered, 
for visual use, 
the eyepiece. 

The traditional 
Huyghenian is 
still made, with- 



Pia. 10. 


is that particles of dust u]>on tlio field lorn are 
visiblo with the oyo lens, as 1)1 urs and HiniHlgcs 
badly out of focus. A mivh bettcu’ form, 
though it HacrUii*,es brtMidt.h of tbo 
field of view Honiewhat, m n Hinglo 
triple conionted a(diroinaii<^ Ions, as 
rocommon(l<HU>y SteiuluMl (Fig. 13), 
which bosides gives a flattop field 
and anij )lo clcaranoo fr« >m the micro- 
motor wires. Owing to thu fact 
that in visual work tJio ohji^ct is 
invariably oxaniuieil in the iniddlo 
of the field, lateral abernttiotial or 
cliromatie faults are of minor im- 
portance. but it is poKHihle in 
some ntensiiro to conipciiHate tlu'* 
inevitable curvature of li<‘l(l and 
^ astigmatiHin of the ol>j(‘ctive with 

those of tho eyopiec^e, ospeidally with the Wtein- 
hoil form, whk*.h Iciavos some lilwsrty in con- 
struction. Tho» same is tiMic of eolonr, Imi as 
tho eye itself is not stric-tly acdwoinaliii, tlu% 
discusHion is rather aoa<l<‘inici than UK<‘fiil, 
eye together hIiouUI b(^ 
n^gnnkvl an a 


because cyopiotie and 

f 


K 2 f > 




I f :h's,a' ip' 
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hL 

KliJ. lU. 


out much variation, and proves quite satis- 
factory for cases where micrometer wires or 
other fooal scale is not required (see Fig, 11). 

The principal focus corresponding to an 
emergent parallel beam lies within tho com- 
bination, three-fourths of the way from tho 
field lens to the eye lens, and 
the power is twice that of tho 
field lens and two-thirds that | 

of the eye lena The term p ""I 

“ negative ” applied to this eye- , ^ 

piece is a misnomer, as re- 
marked already, the order of 
the cardinal points being the 
same as for a converging Ions. In fact, re- 
versed, the combination is known as a 
magnifying lens, under the name of tho 
Wollaston Doublet, an object at V being in- 
spected by an eye placed beyond A. 

^ (ii.) Mamsdm, — "^ith less reason tho tradi- 
tional Eamsden eyepiece is also preserved for 
micrometer work (Fig. 12). Its prominent defect 


tioix for oouv^^y- 
ing tf) ndina 
the imugeforiiKKi 
int Iiofodiil piano 
of t-ht* oliji'otive, 
an<l in practieo 
the oy<^ is uwod 
in fitudi a way 
os to minim iso 
fnu!t.<» that aro 

§ ( 7 ) I ) IFFIIA ('. 
TIU.N.— A further 
C’otiHidornldi m, 

. . , limiting (fm nso 

of gooinotru^al oj)t'i(*al tlu'ory, is t hi' Injuring of 
(lilfnietion upon tln^ eonelttsinnH. A piiruilol 
beam ( >f liglit tMuerging in >in a star to whirli thv 
axis of atoloH(M)pe isdirndivl, isunt hnnight to 
a j)oint f(KuiH upon the iixih. ovt*n if sphoriral 
aberration is copu't'ted for all <•«»!< mrs. It. isdls- 

. trihutml in a rorf.iiin ringpattiwn 

^ I ovc'r fiuMvhoU* f(M-nl piiuus f ho 

I eoiitivil fact IwMng that tho dia- 

moh‘m of t he ring.s uj »on 

tho ratio of l,h<‘ wavt*- length of 
th(^ light 1,0 tho aiH‘r<um of the 

toIoHco|)t\ Thushhiml It, deuot. 

ing; an before tiu* fi *t‘al lengrlli aud 
of tin* feIeH(M)|M', the \vav<' 


-1 


flomi-aportiure ^ 

length, aiul /distaneo from the axis, so tduit, r/K 
IK the circular nuumure of radius of 

tho ring iaqucstioti, it is foiincl thntf if we put 


« 01, 


* Hoo“Dif)fr«cUoii<J«tlimB, Tlivury,''! <i). 
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where w is a numerical factor, we have zeroes 
of illumination for the values 

w = 1-220, 2-233, 3-238, 4-241, 5-243, . . . 

and within those rings respectively is comprised 
a fraction of the total illumination amounting to 

•839, -071, -028, *015, -009, . . . 

while the maximum brightness occurs for the 
values 

a) = -000, 1-035, 2-679, 3-099, 4-710, 5,717, . . . 
and at those points the relative intensities are 
1-0000, -0175, -0042, -0016, -0008, -0004, . . . 

The only teloscjopio feature permitting 
control of this }>henomcnon is the aportiiro. 
If this is increased the angular diameters of 
the rings are all diminishetl in pro])ortion. It 
is of interofit to note tliat if the objective is 
reduced to an annulus by a central stop, the 
rings are somewhat diminished in <Uameter, 
but at the expense of much less favourable 
distri])ution of the proportions of the light 
between them, the shares of the outer rings 
being increased. Numerically, considering, 
say, a 10-inch object glass and the D-ray, the 
diameter of the spurious disc of a star lying 
within the first dark ring would be (^-98. 
Hence the images of the metnbors of a close 
pair would bo more or less 8uperi)osod if their 
distance was loss than V ; but mucih within 
this a good eye would det(^ot the elongation 
of the untol image, as indeed was found in 
practice by 8. W. Jlurnliam, who disco vere<l 
when using a 6-inch objec^tive by Alvan (lark 
many double stars the separation of which 
lay beyond this theoretical “ n^solving power.” 

Owing to the shorter wave-length of actinic 
rays it might seem that photography was 
better (urcumstanced than the (\ye for receiving 
small images, but it is well known tliat this is 
not th(^ (^ase. Prom a variety of reasons, the 
{)hotographi(^ image s])r(^a<ls ; and indeed the 
diamel.(U’H can Ix^ us<'(l as nu'asures of the star’s 
magnitude. If smallest re<x)rded images 
arcb of less dianu^ter tluin 2^^ or 3^^, the results 
would as a nde he c.ousidered v(‘ry favourable. 

§ (8) OrTK’Aii (JhAHs. — So far we have 
spoken of the giMunetrical modilication of the 
beam of light. ; W(^ shall now t^onsichT briefly 
the charac^tii'risf.icH of l.lu' gIiiss(‘H ' <»ut. of which 
the) I(''nH(^s ar(' (lonsf-nuib'd, A pari* from the 
limitations wlii(0i technical dilliculth's of glass 
rnanufactuie impos(\ gconuNt-ric.al discuHsionH 
are m(‘r(4y matlumiatical (*x(*rciHeH, ’'I’lie 
earliest t(4<w’()p(‘s wiwe made with a single 
l(uis as ol)j<M-tiv<s arid in conHe((uenee flufT(‘re<l 
Hev<*r<4y from dispiu’sion, tflu^ iinag(*H bu* 
dilTer(mt colours Ixdng ranged along the axis. 
The fo(^al length wiis made as gn'at as jxjssibhs 

* 8oc also artlcki (Hush." 


and, for example, D. G. Cassini discovered two 
of the satellites of Saturn, Tethys and Diono, 
with telescopes of 100 ft. and 136 ft. in length 
respectively. Put since the separation as well 



KlG. 14. 


as the size of the images corresponding to, say, 
the rays 0, F {Fifj. 14) would increaso i)ropor- 
tionatoly with the focal length, it is an error 
to stipposo that increase of focal length was 
any cure for chromatic faults, except in so 
far as tlio narrow beam docs not allow spreading 
of any description. Achromatism was dis- 
covered and the principles published by John 
Dollond about nbO,’-^ though achromatic 
lenses had been made before him by (ihostor 
Moor Hall, a private gentleman, as early as 
1733. Making the converging lens of crown 
glass, the ])rineiplo was to annul wholly the dis- 
j)er8ion while only partly annulling the deviation 
by associating with the crown Ions a divergent 
lens of greak^r proportionate dispersive power. 
This was found in “ flint ” glass or “ English 
crystal,” a dense and brilliant glass, which 
contained as base a silicate of load. To 
obtain largo homogeneous pieces of flint glass, 
free from striae, for negative lenses, proved 
a very difliciilt technical i)r()blom. It was 
solved by P. L. Giiinaud of Nouchatel, about 
1800, whose soc-r(^t was to stir the 
melted glass with a fi]*(^clay rod to the last 
possil)lo moment, and, allowing it to cool 
i)y itself, to takc^ its natural fractures as 
marking oil lumps of homogeneous constitu- 
tion. Wheb a large one was found this was 
softened again and moulded into the form of 
a disc. This sec.ret he taught to Fraunhofer’s 
lirm in Bavaria and to Frauuhofl'ir’s HiiccesHors, 
Merz and Mahkw, by whom it was jealously 
guarded, so that in th(^ middle of the nineteenth 
century they wen^ th(^ oidy jx^ople who could 
pro<lu(?o an objective of oven so moderate a 
size as 8 inches diam(’it(u\ Guinand, howevtw, 
nd.urucd to Neu(diatel, and his nu'thod passed 
to his son 11. (bdnand, and in smu^ession to 
Foil, Man tors, and Parra in Paris, and through 
one of 11. (hdnand’s collaborators, (}. Bon- 
temps, who took r(>fug(^ in this country in 
th(' poliihral disturbances of 1848, to Messrs. 
OhaiKH^ in Birmingham. All the greatest lenses 
in th<^ world, so far i)r(>(luce(l, excepting the 
32-iii(di at Potsdam,® (uune from one or other 
of thesi^ Arms. Their productions were, 
liowever, constuwativc'i, and a separate revolu- 
tion in glass-making came from tho researches 

* Phil. Tram., 1 758, p. 783. 

* Kv(‘n these gltiHHCH, by Hchofct & Co., arc of tho 

will tviHis. 
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of Abbe, Zeiss and Schott in collaboration 
at Jena, about 1880, investigating the effects 
of different constituents in glasses, with a 
view bo tiTiJiTig stricter proportionality of 
dispersion over the whole spectrum, and 
generally to providing the greatest possible 
range and variety of refractive index and 
dispersion. In consequence of this the old 
terms Jlint and crovmt though still employed, 
no longer imply the composition of the glass, 
nor its density, nor mean refractive index. The 
former term is reserved for glasses of high disper- 
sion and the latter for glasses of low dispersion. 

Tn spite of great technical improvements 
thus recently effected, defects in homogeneity 
of optical glass intrude themselves on the 
optician’s calculations. Turriere states ^ that 
local anomalies of two or three units in the 
third decimal place are often found to affect 
refractive indices, whereas the calculations 
have been made aaflUTning the constancy of the 
indices up to the fifth plije. Moreover, it has 
not been found possible to avoid leaving some 
trace of mechanical strain from the process of 
annealing. This fault, which may be detected 
with the polarisoope, will impair the definition 
with some traces of double refraction, which 
presumably would alter with the temperature. 

We may take as representative of the glasses, 
out of which the great majority, at any rate, of 
the existing large refractors are constructed. 
Hard Crown (No. 605 of Chance’s list) and 
Dense Flint {No, 361); the specifications of 
these glasses are the fohowing, given as adhered 
to with considerable accuracy from one melting 
to another; 



Hurd Crown. 

I)eiis« Flint. 

Befr. index %o 

1'6160 

l-61(i5 

%> 

1-6175 

1-6214: 

np 

1-6235 

1-6337 

% 

1-6284= 

1-6442 

Dispersive power 



(nj> - l)/(no-?iF) 

60-6 

36-1 

[n^ — 

•294 

•286 


•706 

•716 

(%-»ia)/(ao-aF) 

•654 

-(K)8 


Grlasses have been discovered in which the 
proportionality of disj^rsion is closer than for 
this pair, indeed practically complete, but they 
have proved liable to tarnish with exposure 
and age. 

§ (9) Acheowatism:. (i.) For Visual Use,—^ 
In making the colour corrections there is one 
element m the construction which is disposable, 
the Jstnbution of power between the crown 
and lenses, or two, if we add a small per- 
nussible separation of the lenses. The actual 

inamrme, 1920, p. 25, a most useful 


results attained aro investigated by ^ luei.hod 
devised by Vogel, who Het a direct vision 
speetroHoopo of sniall dispersion to rcvicive tlu*} 
cone of rays from a bright star, say V(^ga <»r 
Arcturus. If the rays were brought to a focus 
tho spoctruni w'ould ))o no broader t.han 
the star disc, and in fa<'.b for any H(‘ttiiig of tho 
spectroscope along tho axis conHtriedions am 
soon which oorrenpond to tlu^ vvavc^-huigths in 
focus at that setting, Tho r(*Hults~--wlu<*h 
agree precisely with wlinfc could l,o fcirec^ask'd 
theoretically, as shown l>y [1. I ), 'Taylor 
exhibited in tlie following table from nieasui'c^H 
of the Vdeima 27-in. ((}nil>l>, gluHn l)y (!hanc<^), 
tho Pulkowa ;i(hin. (Alvan f’lark^gluHs hy K(dl), 
and tho Lick Sfi-in. (Alvan dark, glass hy Foil).' 
Tho Vienna and lJ(*k t<*l<*H<‘op(^M may he said 
to bo identical, vvhik^ tho Pulkowa irlstrunuuit 
can claim some superiority, hut rven for this 
it is to he noted that t-lu^ iraag(‘ formed hy t lio 
F-ray will be spread over a spiirions dis<! 
in dianiotor, when the I) light is brought to a 



0 10 ao 30 40 50 ww, 

ViiU in. 

point focus. Fine (h-tail of varying colour, 
for exiunple planetary wnfaoj*^/ cannot Iw 
brought to a single sulisfuclory focus, and 
would hu 1T(M’ in definition a<ror<liiig|y. 

In the table on following pnge, df rtamsure^H 
the setting ri'quin^d to bring into focus tin* 
line referred to, and /tlf is tin* angular dia- 
meter of the eirclf' in vvhieJi the cone of rays 
for that wavi^Iength would nn^^t Mie fi>f‘al 
])lane for the D-ray. S<*e aiK«> Ahy. 15. 

The coniineiit cannot lx* avoirl(*d lhat any- 
thing approaelung true aehroniatisin is im. 
possible of attahnnent uilh the traditional 
objective of two lenses fniHinr tiu* |ir<i<iuc(ion 
of typ<*H of glass that are cpiito unknown nt 
j>reHent. 'The greakT the ti*les<*o|Ks with Its 
increased light-grasp and wiikw K<*parati»m of 
the foci, tlu* more ppondiumt the fault heM-onn^a 
Tho o[)tician has n»>t enough hcmum'* allowed to 
produce Ids elTeets, Ah nlrea<ly nnnarkfaf, 
H. I>, Taylor has shown that a perfeotly nchnt. 
matic! <)l)j(‘et glass can lu' nuwie with thr»Ni 
lenses,^ and luwt made stndi ohji*etivr*H up t<» 
any size for which tin* discs <if glasn wer^ 
availahk^ »Se<* /Vp. 

» ,Mon, XoL II V. 57, 
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Colour Curves op Great Objectives * 



Vienna. 

Pulkowa. 

Lick. 

AjKTiuro .... 

20*0 in. (07 *5 cm.) 

30*0 in. (70*2 cm.) 

30-0 in. (91-4 cm.) 

Focal length . 

408 in. 

(1030 cm.) 

539 in. 

(1308 cm.) 

1)74 in. (1712 cm.) 

bine. 

<11 


df. 

hjf. 

df. 

m 


mni. 


itini. 


itmi. 


0 (i5(}3 A.U. . 


•0000170 

3*0 

•0000115 

5-3 

•0000102 

J)5803 A.U. . . . 

0*0 

•00()0(K)0 

0*0 

•0000000 

0*0 

•0000000 

F 4802 A.IJ. . . , 

0 0 

' *0000378 

"0*4 

•00CK)245 

11-4 

*0000349 

Hy 4341 A, IT. . . . 

23*5 

*0001478 

329 

•0001258 

48-3 

*0001471 


* (!f. KcoUt, a St. Soc. Pacific, ii. 258. 


Tlio loiiHCH aro rnado of tlin^c (»f Messrs. 
Schott’s glasses, Li of Baryta Light Flint 
(C). 543, = 1*504), L, of Light Silicate Crown 

(0. 374, ni)=:l*6lJ), and L^ of a Boro-Silicate 
Flint ((). 058, wi>-^ 1*547). With this arrange- 
nioiit, very simple <^ompared to jOiotographic 
coinhinations for camera lenses, faults of colour 
can be ^ and anj com[>l<^tely corrected, and at 
tho same time a held given which is free from 
coma and splierical alxnTatiou. The si^para- 
tion of the second and third lens(^s assists 
the (iorn^ction of tho (ihromatie. dilTorenco of 
sj)herical aborration (Gauss’s condition). 

(ii.) Phntographiti Lenses. — correction 
of a lens for photograi)hi<! purposes is a simpler 
problem than one designe<l for visual use, since 
for ordinary plat»<‘s the' efT(Hitiv<' rays are con- 
finc'd to a much narrower region of the spec- 
trum. Th(' j)roblem is otherwise similar. Of 
more compli<*.ated (^onst^u('tions the only one 
that has Ix'eu made with the large apeHures 
[)ecuiliar to astronomu'al work is th(‘. Taylor 
lens r('f('rr<'d to above, p. 847, made of throe 
se]>arated units “ (s(*e Fit/. IB, p, 848). The 
original of this lens has the following descrip- 
tion : » 


Ap<M•^un^ l)*5 i^(^h(‘H; focal Iciigi.h, 43 inc'hcH. 


1 

1 ho 

1 10>04 


ln| 

1 

/, -.0-83 

- 1-5180 


1 ll. 

- 72-15 




.|■39 


1 

1 

M-nt 



-0-33 

1-0035 

1. ha 

) 10-.35 ■ 




/7 0-85 


1 

I'Bh 

1 07*35 



1 

1 

0-49 

1-5180 

1 

IBio 

■ 13*00 



Tlie r(»fra<*tiv(' in<lic(‘H are thoH(' of a sili('ate 
crown for the* first ami third lens, nml a light 
flint for th(‘ middt' hms. But lh<' design 
possesses great flexibility. It has b(X‘n made 
up to ap(‘rtures of 10 inches, and to focal 

^ Por flw ^^('uluHon Hi‘e II. 1). 'I’aylor, Mon. i\ot. 
llv. 328. 

« II. I>. Taylor, Mon. Sot Ixiv. (Ut. 

• II. I), Taylor, Ap/tlini Optics, liKMl, p. 182. 


lengths as small as twice tho aperture ; further, 
it has given rise to an extensive series of 
derived forms. The lens is intended for photo- 
gra])hy, and visual distinctness is not demanded 
from the dc'sign. 

§ (It)) Replkctino Ttjlesooi’ks. — Tho re- 
fleciting telesc()j)e claims three great advantages 
over the refrjictor ; it deviates alike rays of 
every wave-length ; its j)erformanco depends 
upon its surface only and not U})on tho interior 
constitution of its glass, nor on tho chromatic 
l)alanc6 of two separate glasses, nor diminishes 
in ofToctivonoss as tho scale increases owing to 
absorption ; and tho objective consists of only 
one surface, tho oorrocitnoss of which is assured 
by an easy and very sensitive laboratory tost. 
Accordingly, as might be (expected, in respect 
to dimensions and a])erturo ratio, reflectors 
have completely outrun rc'fracjtors. While tho 
gi'eatest refractor is of 40 in (dies aperture with 
a ratio of ai>erture to foc.al length of 1:10, and 
is not lik(dy at present to ho supc^rsodc'd, there 
an' in use reflectors of 00 incJies (Mount Wilson), 
73 imdies (Victoria), ami 100 iuc-hes (Mount 
Wilson), in eacli t'ase with an iipertuni ratio of 
1 : 5, ami with accx'ssory appliaiu'es which 
j)ermit tho sanu'i mirror to be used when 
re<|uire<l at (mormous (‘ITecf.iv(‘ focal kmgths of 
loo f<‘(‘t, 134 fcrcfp, and (wen Iiigher. If greater 
on(‘H a.r(' (k'sinxl t.Ina’o is no reason to suppose 
W(' hav{* r(*ach(‘d th(' limit in gain of power, 
or in poHsihility of eonstriietion, though tho 
difli('u!tu'H of t(unperatur(' (umtrol hocome very 
formi<lahle in tlnw' larg(' si/.c^s. The (luestion 
th(*n pr(‘S(‘nts if si'lf, why tlu' refra(‘tor holds its 
own HO w(‘ll as if. dex's, A f(‘w sentences will 
be (hwot(Ml 1.0 this (pn^sthai later on. 

Sp(‘culum m<‘tal (“ Turner’s Metal ” coi)per, 
•t atoms (i8*2 jxt cent, to tin, 1 atom -“31*8 
p<*r ('ont, as uwxl by tlu' Fxirl of Hosse, llow- 
laml, and Brashear) has virtually gone out of 
use ('.xcept for small pu'ces, because once it is 
tarnisluxl t.h(' mirror must Ix' nmiade. It is 
besides a \yom\ reflet'tor than silver. And it 
is heavy, and diflicudt to make and work. 
On the other hand, it is remarkably durable. 
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Some old mirrors, dating certainly from 
Hersch-el’s day, are still in perfect order. But 
silver deposited on glass is the standard con- 
stniotion. The problem of figuring the glass 
correctly is simplified by the fact that there 
are no elements of construction to dispose of 
at will. In order to correct spherical aberra- 
tion at the principal focus, the figure must bo 
a paraboloid ; distortion is absent, but coma 
cannot be removed, and astigmatism and 
curvature of the field are present as in the 
refractor. 

In regard to the two aberrational foaturoa that arc 
necessarily present both in the mirror and in usual 
objective doublet, we see from the particulars given 
above, § (3), that for the same aperture and fooal 
length the radius of the focal circle, or the separation 
of the focal lines, is the same for both, while tine 
radius of curvature of the field is equal to P for the 
mirror, while it is about three-oightlis of this amount 
for the lens. As regards the ooofliciont of coma, it 
is no more than occurs in the Pmuuhofor Ions re- 
ferred to in § (6) (iii.) (520= - 0-500/P, compared to 
5aG=-0-467/F). An impression, of a limited field 
of good definition attaches usually to reflectors, but 
this is derived solely from the largo aporturo ratio 
■wMoh is allowed to thorn. 

The refieotor is used in three forms : first, 
for direct photography without any second 
mirror, the plate holder being placed at the 



principal focus {Fig. 16) ; second, for visual 
and general work in the Newtonian form with 
a flat mirror placed at 45° to the beam, throw- 
ing the principal focus out to one side at the 
upper end of the tube {Fig. 17) ; and third, 
when very large scab and long focus are 



required, as a Cassegrain, with a convex mirror 
placed on the axis with its principal focus 
beyond the principal focus of the great mirror, 
so as to reduce the convergence of the beam. 
The great mirror is usually pierced with a 
central hole and the beam received on a plate 
holder or spectroscope behind it (Fig. 18). 

II Fi» Fg are the foci of the two mirrors Aj, 
Ag, and F the emergent focus, the focal length 
of the combination is increased by the factor 


AaF/AgPp An orcliimry value <»f Hits 
fication might be fourfold. With this viihu' 
the coma of tho com hi not ion wonbi he no imire 
than belongs to a sunplt' niirrer nf lli«‘ wuini* 
focal length. The <‘iirvalnre of tin* lit bl wmild 
1)0 intircased, being alxnit four as groat 



Fro. 18. 


as for the original mirror; to eorn*et for 
sphorionl aberration, if the mirrMr t\^ ispiira^ 
bolic, the scetion of A 2 reipiircn ti* he an hyper- 
bola, its meaHtirc r htdng nlaiut uliere e O 
gives the cindo and r. I tho jianiholn.* 
§(11 )Tkhtiw» a Miimoit. The* powMibility 
of pvoduemg tmily purnholoidnl itrotfic*r fu'iiivs 



Fiq. id. 


in mirrors of largo w/e th*pendH iiinm having 
a Ronsitivo and easy riienrm iiir’n.snriiig n 
fault. This is ftmml in Koui’uult’rt Kiiifo ctigo 
method ( /'’///. 1 h), 

If C is tho cenirt* of enmitnre for A, L n 
point souriMi or artilh‘inl Ktiir elon- to 
I the point of tin* h(‘nin relieet<*rl fr‘»in utiy 
Bi)ot of the mirror, rc'ceivt^I by ihi* ryo at 1*1 
hoyoiid btlu'ii if tho beam in eiit ofi gradually 
by a kuifei (‘(lg(* moving iteroHS fiom left l*» 
fight at 1C I within tho t, the ftput nf 

light on the mirror will Hf*e*n to the ev»* to Iw* 
obHCuro<l from right to left, but if it timst'** at 
Kj the inov(*r»U‘nt of hIwuIow \\ill Ih* fiom b-ft 
to right. Ileneo tlie poxitinn r*f tho mdtml 
focus for any Hpot of the luirmr ean bp ili'ter 
mined prcciHely. A very go«nl idna nf tho 
figure and fauIlH of t in* whole inirrnr < ,ui U* 
gained at a singh* glanco, and if n nf 

diaphragms nro jirepan'd exposing the* roirhie** 
insuceoHHive zon<‘H, with \ery little |»repaMt>on 
and with surfmHing certainty thr cc-ntioa »*f 
ourvaturoB of the dilTererit y.oiien vnu be laid 
down.® If tho mirror ik parab.ilir, fhpii’ uill 
not give the same point (\ Imt will iie^vc 
towards the surface from (’ by uii antotiul 
supposing the wntreo l/ is kept fixed 
during the ohscr vat ions. 


\ror a rtiHeuKHicm of the <-orr»’rlii,ii nf Uie I 
grjun SCO Sampson, /Vo7. Tnutn. 

method BOO I*. Davies, Mm. Mt*i. Uiia, 
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A convincing tost of tho delicacy of the 
niothod is furnished if an assistant places his 
hand in the way ottlie beam near tho mirror, 
when the unchilations caused by the ascending 
currents of air its warmth produces will be 
soon immediately. 

Moreover, tho nii^thod is not restricted to visual 
application. l*hotographio records (»f tho tippcar- 
anees have Ihjoii obtained by .1. Hartmann for the 
Potsdam .'liJ-inoh refractor,^ and by P. Fox for the 
4()-inch YerkeH telescope,^ which show upon examina- 
tion much minute detjul that would eseaja* tho eye ; 
as, for example, t^picycloidal tracts of tlm motion 
of the polishing tool. T1 i(‘ho “ focograms *’ liav^e 
besides tho invaluable (piality that they can be 
compared with similar records of other instruments 
i'iiktui at oth(‘r times. 

A convex mirror, or a flat, or one of very small 
concavity, cannot be tested directly by this method. 
Hut it is usually possible to din'ise a combination 
with some conv<‘rging systtun, tlic! <'harau*t.er of whicli 
is alr(*ady provt'd, so as to test tlu'ir performam^e. 
Or a tlat nmy be tested with anotlu'r known Hut, 
by <‘xamiuing tho formation of NewUm’s rings 
l)c‘tween them. 

§ (12) Loss Lkuit in a Telkhoopk. — 
must now considtu* th<^ whole loss of light, aiul 
tho modilication of its oharaotor in }niHsiug 
through a toleH<?ope, 

(i.) Uv.fractiiKj Tdmcoptn.—ln transmitting 
light through glaws surfaces, there is a loss at 
oa<di Huifac^e by reiltHition. For direct inoi- 
<lon(‘<s th(‘ory indicates that tho ])ro portion so 
lost is (g - 1 )V(m d- 1)'"** where g is the refractive 
in<l(^x for tlu^ ray eoneerned ; and for fmshly 
poliHh(‘d glass this actu)rds closely with expori- 
ment.’* It may b(‘ taken, therefore, as b(‘tvvoen 
•04 and •05 per surfatto. In tin' case <»f object- 
ives with sej)ava-to(l lenH(‘H them will bo four 
su<di ocxuisions for loss ; for small objectives the 
intKT ('(Mnentod Hurfac<^s do not give rise to any 
S(uisible loss, and tluTchm^ transmit some 10 
jxw cent more of the light. Tho losses by 
abHorf)tion havci l)e(*n invcstigattal l)y JI. (1. 
Vogel*'* for a numlx'r of glasses, mclu<ling 
or<linjvrv Silicates Ch’own ajid ordinary laght 
Flirjt ((). 203 an<I <). 310 of iS<diofrH list), \vhi<‘h 
aro suiiablc for lar_^<‘ tol(‘H(M)p(*s. For tlio visual 
HjX'ctnim lh(*N(* glassc's arc very transpanmt, 
but. (). 310 with a thickiu'ss of 10 cm. to 15 cm. 
transmits no light at nil of wav('-I<»ngt h loss 
than 3700 .A. IT., and shows a sharply <hdined 
abs(»rption band at 1 IHO) A.U., and a w<‘ak(U‘ and 
difTjiH(‘ om* about -1370 A. n. The crown glass 
(h 20.3 also sliows tho f<»rmer l>nnd. Othor- 
wiM(' thi" pn)grosHi{>n of absorption was rt'gular 
and not strikingly diiTorent for the two glassi's. 
Vogel gives a tahh' from which th(‘ following is 
an extract, showing tlu‘ amount of light iruns- 
mitt(‘d by <d)jootiv<*H of ditT<‘r<‘nt UiickncHses. 
In <mleulating for r<dh‘ction, four surfaces 

* AHtroithuiih'ai Jouruah wvli. 2r>K and 2-18, 

“ <’f. Haylcigh, ('ulkrtvd Workt^, 11. 522. 

* AtdroimuH, jeura., 1HU7, v. 75. 


of separatit)n aro allowed for. The aperture 
would, as a rule, be about six times tho total 
thickness. 



luioiiaity of Tnuinmlttod In tenufl (tf IiicUloiit liiglit. 

Thl«k- 

IU*HK of 

Objootivo 
ill cm. 

With iillowanco for 
AlJHorptlon only. 

With allowanco for 
Ahsorptloii audllellocfcion. 

Visual 

Hays. 

Artinic 

JtayH. 

Visual 

Itaya. 

Actinic 

Rays. 

4 

0'9;i 

0-84 

0-77 

0-09 

(> 

•90 

•77 

•75 

•63 

8 

•87 

•71 

■72 

•68 

10 

•84 

•05 

•70 

•63 

12 

■82 

■00 

•07 

•40 

14 

•79 

•55 

•($5 

•46 

10 

•70 

'50 

•03 

•41 

18 

•74 

•40 

•01 

•38 

20 

•71 

•43 

•59 

•35 


It will bo noticed that tho balanoo that may 
exist botwoon visual and actinic rays in different 
sources of light will bo transformed, and in 
dilTerent nuinnoi’s, by dilTorcnt objectives, so as 
to give, for example, inconsistent results in 
such research as that of tho ollootivo wave- 
lengths of stellar images. 

(ii.) lieflectorH . — ^Measurements of tho relative 
intensity of light of diiTorent wave-lengths are 
ac(iuiring great and growing importance, and 
it should bo noted that rellootors of all typos 
also exercise scdectivo treatment of different 
rays. 3’he f( )llo wing table ( Hagen and llubons) 
shows the [)or(xmtage of light reflected from 
silver and a few oi.luw metallic siiifacos. It 
will lx*! noticed that silv('r deposited on tho 
front of a glass plate is distinctly n\oro offcotivo 
than when deposited on the bae*k, apart from 
al)Horption by the glass. 
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cannot be ap- 

..i-a. r‘ as it remains in 

y the actinic 

l\Xt i But in the ultra- 

Wu'istm X«U(J(), for a short range, it 

Uis,>h^ !! * **^‘*”t’ t^**'^'^pareiit, the percentage of 
st r 't* than from 

^ iii***j ^ hiH liniitR its application, for 

ItJt J it photo- electric researches. 

*>1 * ! ' region an ordinary large object 

iti ^ .rntpU^UAy opa<iuo. 

^'ViNSinmaATioNS.— It will be 
% \uii. «4n»vo of tho defects of a telescope 
lit* ^ ^ pages are irremov- 

\%itU llio tuoanH allowed, and some of the 
aro mxitually incompatible. But 
ht Oiudi tihHorvatitm one or another 
will l>o predominant. 

‘ y b nig an cuuna is not aggressive, a wide 
with in a large number 
^ »i i at^^rvat b niN : for example, in transit work, 
till fstii* f 1 ( 1,1 fn, giHiul iielcl of IS' radius gives ample 
t»» taki^ t he <»hHorvation, or in double star 
ilxkI Tni<*.rometor work generally; 
ill all i«fh{*ir clasHos of direct visual work 
wht«r.» I he fthjooi is brought to the centre of the 
fb hi frftr till nation. ; and in work with a slit- 
'll whether visual or photographic. 

I in lhe»i^ <tasos curvature of the field 

¥*n^i iiAtigmatisfn play no part. 

Ill WMiiui ctlaaHiMi of photometric work no 
itniHCi* nfc all is wanted; tho star is de- 
(filtiiy thrown out of focus, preparatory to 
rMinniting ita U^tiU light. 

Af?ahi, filiotographlo work, where a correct 
4^ liHfMttMn of a. field t>f stars is req^uired, may 
ihvbiftfi intii ilifloront classes according to 
or f*Hial length. With a focal length 
‘4 W a ihd<l across covers a circle 5 

»8t« h*-(« hi diameter. It would be easy to secure 
lit * fhdd of HO small a diameter, and more 

tifh Ih^ UHkocl of such an instrument, if 
t ho plattss would be inconveniently 
If wo want largo fields we go to the 
.tit Iter and omploy, as, for example, 

f-'t'T «lie Fmnklin -Adams chart, a Cooke lens of 
mio lO intdios and focal length 45 inches, 
^ho li giviM Honnibly correct pictures of IS** 
4* wit h a Hat hold. There would be some 

in mmh a picture, and the scale would 
lie K *»m|mmt ivoly small. But the plate is not 
for luoaHim^tnont but for enumeration; 
*nt if Ih UHOil ft>r photography of nebulae or 
* u hon^ incroaso of scale without increase 

iir*'* loHOH tho detail by diffusing it. 
MidM’av iM'iwoen those extremes we have 
of tho Astrographic Catalogue; 
f as near as may be, of 3438 mm. 

so that on the image 1 mm. 
o I luinxito of are ; a field 2° square 

i>/phMfogm|>hod, which allowing for margin 
s pluto about 0 in. x 6 in. On this scale 
MV«*i trii tliotisaud plates are required to cover 


tho sky — ^the mere difficultioa of nuniboi's will 
speak for themselves. Tho object glasses, 340 
mm. =13*5 in. diameter, wore spoeirKnl to bo 
free from coma, but astigmatism and curva- 
ture of the extreme images are easily marked, 
the former by tlxo images taking the form of 
two short crossed lines, and tho latter by tho 
lower density of stars recorded, owing to 
fainter stars failing to imprests thomsolvos when 
their light is a little diffused. Such a plate 
can be meosuicd right up to its limits for tho 
relative co-ordinates of tho stars, but is quite 
unsuited for work of tho highest accuracy, for 
instance for stellar paj'allax. 

The reflector is well suitofl for all classes of 
visual observation, except transit work ; and 
particularly suited for the spectroscope, owing 
to its light-gathering power. It is unapproach- 
able for photographs of nebulae, but has boon 
but little used for fields of stars designed for 
measurement, owing to the irremovable coma 
which vitiates its field, and which boctomos 
prominent in tho largo aperture ratios with 
which the reflector is usually made. In some- 
what the same way methods and instruments 
must be selected so os to avoid tho intrusion 
of residual chromatic faults. A groat refractor 
is usually applied to faint objects ; if appliecl 
to bright ones, there is a blue glare in the field 
of disturbing intensity. This may be removed 
by using for such observations a colour screen 
which shuts out tho blue rays. In tho same 
way, by excluding rays that are not wanted, 
very perfect photographs have boon obtained 
with the Yorkes 40-in. refractor, which is 
corrected visually, by intor])osing a yellow 
colour screen and using yellow sensitive plates. 
The loss of speed is of ccuirso very groat. 
Again, a telo 80 o])o corrected visually can be 
applied to photography, or eonverwdy, by 
interposing a lens in tho beam whkdi eollec^ts 
to a focus the rejected rays. All the field 
except the centre is thereby sacrificed, but this 
does not matter if the purpose is to omploy a 
slit-spectroscope. 

As remarked above, a region of investigation 
which promises to occupy growing imporlance 
is the distribution of light in different parts of 
the spectrum. This is a matter that has 
hardly been considered, in vitw of its import- 
ance. All telescopes in use modify the dis- 
tribution they record, each in a different way, 
and reflectors in a way that changes with the 
condition of the silvered surface. 

§ (14) MotTNTiNO OF TiflnKSOOPKS : Tub 
Transit Instrument. — Wo shall now doscribo 
briefly the principles of mounting tcles(*.opes, 
but, as explained in the beginning of this 
article, we shall avoid as far as possible 
astronomical detail, and direct attention to 
the geometrical and mechanical problem. 

The Transit Instrument is designed foe 
measuring relative position of points on tho 
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sky, or, given these, the orientation of the 
obaorver in latitude and hour angle with 
respect to them. The two problems are 
logically interlocked, Imt by a process of sift- 
ing, familiar in astronomy, they are gradually 
and offoctively separated from one another. 
The necessity for the measuring instrument is 
the greatest fixity, subject to commanding the 
■whole sky. The ordinary standard form aims 
at sweeping the meridian with the optic axis. 
This requires (1) two pillars built up from the 
j^roimd, carrying “ y at the same level and 
standing E. and \V. witli respect to one another ; 
(2) a massive axis, with its ends resting on 
the « Y as bearings ; 

(ti) a telos<jopo fastened 
at right angles to this 
axis ; this tclosco])e is 
made in two sym- 
metrical pieces, the 
object glass and eye 
end being intorchartgo- 
ablo if desired, and 
bolted to the “ cube ” 
whi(sh forms the 
middle of the axis, 
and which is p(T- 
f orated t<j allow the 
beam of light to travel 
through. General 
stabi li ty and constancy 
is sought by making 
all tho supports mass- 
ive, and relieving by 
ctountorpoisos on ad- 
3 ustable sj)rings the 
greatest i)art of the 
profisure on tho “ Y 
There are, however, 
tcmj)erature or other 
s<niflonal changes to 
allow for. The former 
are dealt with as far 
as possible by <*on- 
sicloring symmetry as a rigorous recpiirement of 
l.he design. In the (*ap<' Transit ('irele as well, 
1»<) guanl against. local di(T('rene(vs, tho telescope 
propew is eompl(‘t.(*ly emiNwMl in a <M)pp<M* 
hIuuiI.Ii, ami th(^ instrument. houH<' moves bodily 
away from it in two liaIv(*H. Hut finally it is 
asHiinu'd in the r(*sulting ol)s<M’va.t.ion that the 
t<deH(*op(^ shows traces of complete' maladjust- 
i.<\ thn^i' degnv^s of fns'doiti, the (tex'fii- 
cionts of which can only lu' (h'Hve'd by special 
cheek ohst'rvations. Parthudars of the pro- 
ooHse's wotdd <‘arry us too far into astrommue'al 
(h^tails. 1'h(' print {Fifj, 120), derived from 
Me'HKrs. nVought.on Simms's (Catalogues 
Bhe>WH the^ Cape Transit (‘irele^ (fi-in. ohjee^tive), 
and ('xamiuatiem of it will show how the 
principle's arei put into prae't.me, 

§ (15) KgtrATeuuAti. ~ K<>r the (‘xaminaiieui 
<tf an individual ejbjeu't, or for i)hoi.ographing 


or measuring a particular field, a certain time 
u]) to an hour or several hours is required, 
and the telescope must bo endowed with motion 
which cancels tho earth’s rotation. That is 
to say, it must rotate oast to west about an 
axis parallel to the earth’s polos, at a rate 
which would give one i evolution per day. The 
construction, then, is that of a massive axis 
pivoted so as to lie parallel to the earth’s axis 
and geared by a clamp when desired to clock- 
work which gives it tho necessary motion. 
This polar axis carries perpendicular to itself 
tho declination axis, about which the telescope 
itself is capable of rotating. If tho telescope 
is turned about the 
declination axis, and 
the polar axis turned 
until a desired object 
is in tho field of view, 
and then clamped, tho 
clockwork will keoi) it 
pointed on tho object. 
There is a variety of 
ways in which those 
purposes may be 
carried out. 

(1) Tho polar axis 
may bo prolonged be- 
yond its bearings and 
terminate in a pair of 
journals in which the 
declination axis 
swings ; (2) tho polar 
axis may be pivoted at 
its extremities and be 
built up in tho form 
of a frame or cage in 
tho midst of which 
th(^ telescope swings 
upon its decimation 
axis ; (IJ) tho declina- 
tion axis may bo 
attached in two 
H(q>arate ])iecos to 
opposite sides of tho telescope and, broken 
itself, suppoi’t the tcilescope symmetrically; 
(•I) the d<*elination axis may be prolonged on 
i)oth sides of the polar axis, carrying the tele- 
scope a.(.taeh(ul by bands to a (cradle uptm one 
Hi(h*, with a counterpoise upon the other. All 
tlu'Ho forms ar(^ made an(i are illustrated in 
/'Vf/.v. 21, 22, and 23 on p. 85(1. 

T1u'h<^ illustrat.ions show the constructions of 
th(* thr('<^ gHMit refi(>etorH ma(l('i in recent years. 
The w'('ightH of the moving parts of these 
inst.ru numts are v(wy gn^at. Eor the Canadian 
t(d(*Hcop(' (7,'r) at Victoria, Vancottvor Island, 
the polar axis weighs It) tons, the doolination 
axis 5, t.he mirror, cell, and tube together 12 
tons, and t.h{^ whole instrument 55 tons. To 
bring i)i('t'eH of such size withiti the range and 
accuracy of “ fitie ” me<-hanical work is a great 
fi'at of exa(»t CTiginec^ring. In tho case of the 
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two Mount Wilson telescopes the weight is 
carried chiefly by large discs plunged in baths 
of mercury ; the Victoria telescope relies upon 
ball bearings, and the counterpoising is so per- 
fect and the movement so frietionless that a 
pressure of 3 lbs. weight applied at the end of 



the declination axis suffices to turn it. In these 
great telescopes, designed for grasping very 
faint objects, it is essential that the clockwork 
driving should be as perfect as the optical 
work, otherwise the image on the photo- 
graphic plate is diffused and the advantage of 
size is lost. Driving differs from the optical 



work in this, that it is subject to control. A 
star is kept under visual observation, bisected 
by a pair of cross-wires ; when a bright star is 
available it is a good plan to form a disc by 
t^owmg it out of focus and bringing this disc to- 
bisection by two heavy wires which are visible 
without illuminating the fleld. This visual 
supervision is usually made with an accessory 
“ guiding ” telescope fixed to the same frame, 


but the most perfect way is to have tlK*i ])laio 
holder constructed with an ey(^|>i(^(‘(^ attneluMl 
to it so that the actual set of th(‘ may 

be observed directly. When tli<^ chx^k driven 
requires to be accelerated or retanhxl, it. is 
essential that this should bo done with no jar 
whatever. Differential gear thrown in and 
out of action acconqflishos it. If tli(^ (‘I(K*k 
carries an arbor making one revolution fH^r 
second, the standard cU)ck may Ik' ma<lo to 
exercise automatic control in applying tlu» 



gear, though this does not cHhjxmiw^ wit.h 
sonal watching. For autoitiatic- control, a 
simple gear, which is said to work ia 

a sector of soft iron, attaeluxl on the oih». 
second arbor, and revolving so as to pass near 
the polos of an electro magnet which a signul 
from the clock makes live once (iv<‘ry whxumI. 
But most of the methods t>f autoinath^ c<nit rol 
are prejudicial to smooth running. 

The mounting of a refractor is nearly always 
made by prolonging the deelinniion n.\m 
beyond^ its journals and attaching the deelina* 
tion axis as a cross-head, carrying th<‘ tek‘He<»pe 
at one end and a countorixdse at t.h(^ otlu'r. 
For this form there arc two, reveiwxl, wd.tingK 
for any object, like the “ changers of face '' of 
a theodolite, and, generally speaking, one or 
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the t)thcr setting may be inaccessible. The 
cross-head should not l>o ti)o Bhoi*t, otherwise in 
some positions the eye end will foul the sup- 
j)orting ])illar and cut short an observation by 
necessitating change of face in the middle of it. 

Fig. 24 shows a good example of modern 
construction, an 18-inch visual telescope for 
the observatory of Bio de Janeiro, by T. 


will account for a certain amount of just prefer- 
ence for the refractor. A third consideration is 
less reasonable but is probably present. Diffi- 
cult as the optical problem of making the 
object glass of a telescope is, in comparison with 
the mechanical problem of mounting it, the 
most expensive part of a telescope arises in 
building its dome, mount, and clockwork. A 


2‘io"i.c. as') 


-lO^'Sartes I.C.f 16'^JCamoras 
' -8%'' Centres 


Size ofPlate8-24om.x30om. 


,to" Follomer 


2 Readers for Deo. Circle 
one at eaah side of Telescope 



Balance Weights 610 lbs sa.'h ' 
Balanas Weight 86 lbs 


Wood Paohlng 


Km. 21.— lUo, 18*. 


Cjo()k(^ Sons. lioHuh' tlic great. t.<^leHeoj)o 
are two (!am<u-aH, (^aeli of 70 inelu's focuil length 
and furiiislKMl with lO-iiu'h (\)ok(‘ h'nw's. Kor 
the use of thew^ ((amcu’aH a lO-ineh follower is 
]>rovided, or tlu^ gr<Mit t(^l<w,ope itw'lf could 
serve as a visual guider. 

(Consideration of tli('H(^ designs will show that 
the ndraetiu* pennitsa more symmetrical, <uun- 
])aet, and strongt'r mounting than the rellcH-tor, 
the tube being elose^l at both (mds. Its oj)ticaI 
condition is also not liable to variation. Both 
theses are vc^ry important considerations, and 


mirror is very much easier and choapor to make 
than an object glass of the same i)owor, and 
when so much is spent upon accosstwies there 
is p<whapH Honu^ inclination to complete them 
wit.h the mon^ costly optical ])rovisi()n. Goner- 
all v, one would say tliat a relloctor deserves to 
hav<‘ an ev(ui greater pro])ortion of uso in largo 
optical W(>rk tlian it gc^ts at prosont. 

§ (10) Tiik GoicnoHTAT.— In placo c ‘ ‘ " 
ing th(^ daily rotation with the 
th(‘r(^ is an alternative of k(^eping th( 
lixod and rollooting tho rays into it 
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sometimes followed in tho civ^o oi tlio huh, 
■where thoro is arnph^ ll^^llt, hocaiiHo I.Ik' uh(' of 
long focus lonsos a»nd Hix'-ctrortoopciH prowMits 
fewer diffioulties if l^hoy aiv ke})i in a hoi'i- 
zontal (or a vortical) piano, it in aeooiuplirthocl 
by one of two methods. TIio simplest do vice 
is the ooolostat (A‘j7. 25). 
If S is any point upon 
the sky, and N gives 
the direct ion of tlio 
normal to a piano mirror, 
then if 8NH' is a groat 
oirclo and HN -.:NS% 
gives tho direcstion of the 
roflootod ray which 
arrives from S. HoiUio 
it is plain that if N is 
made to move along tho 
eq,uator with half tho spood of tho daily 
rotation, the ray S may be refleetcKl to any 
fixed point S' lying on tho small eiredo of 
south polar distance cfiual to the north polar 
distance of S; in particular it may ho Hont 
hori 2 ontally to one or other of tho two points 
Sf,' in which this circle outs the horizon. And 
the image of tho liold round S will rtMuain 
stationary and not rotate as S moves across 
the sky. On tho other hand, the horizontal 
direction in which tho ray is scnit is not open 
to choice. To send it in a })refl<iril)od direction 
a second, fixed, plane mirror wovdd be rc(iuire<l. 

§ (17) The Heliostat.— -F oucault’s Holio- 
stat, on tho other hand, will send tho beam con- 
stantly in any chosen direction (lig, 26). A B is 
dire(‘.tod to tho polo, TN* 
is the normal to the 
mirror ; then if T B ■ - BN, 
a ray arriving in the 
direction BN is rolloc^Uid 
from tho mirror in tho 
diroebion BT. Honce if 
there is a uiiivonsal joint 
at T, and tho rod TN 
slides through a well- 
fitting sleeve at N, and BN is clamp(Hl to AB 
so as to point at the polar <listanco of tho 
sun, then giving tho united piece AB'i-BN a 
movement equal to the apparent daily rota- 
tion, tho mirror will send tho beam out in tho 
direction BT, which may be any dosirivl direc- 
tion. Tho universal joint at T is made hy 
furnishing the coll of the mirror with a i)air df 
horizontal pivots which rest on the two arniH 
of a large solid fork, which itself is ca])al>le of 
free rotation about a vertical axis. A dis- 
advantage attending tho Iloliostat is that tho 
image of the sxin which is formed rotates, the 
north polar point of tho sun passing from one 
side of tho vertical to tho other. 
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J (1) (iiKNKUAIi BRtUMCUriK.S. 'I’ldcwnl H'H «rf* 
«>ptical iiiHtrumeulH (k'-Higued to 
parativoly tlistaut ohjeds h) 1 k‘ <dtM«TV»ul (vn 
a uniform nuiguilicd Mcahs The itnag** foriiu'd 
on the ndiiia is tluw inenviWMl in a ratio 
independent of the distamn' (*f tiio oLj»'ct, 
and tho value of thw rut io in {'iilted tlie nuusOiify* 
ing ])owor of the insl ruiueiit. rantd«>\irnl liH 
it may hooiu, this mHult irt a('hit'V<‘(i !>y pn'.siMjt- 
ing for iuspeotion to the <\ve n diminiHhetl 
virtual image of the t>hj(^i-t, the ratii* of tin* 
size <»f tluH image to ihiil. of the nlijiMd Indug 
t-ho reciprocal of the iiiaguifying poNver. 'The 
explantilion »)f this paradi»x whereby the 
image on the ndiua varies inven»ely hh the 
size of tlu^ immediate ohjeet view«*d dirertly 
hy tho eye is vital a pritiK‘r understanding 
of the t(des(M)pe. 

It foIlowB frinn the ordimiry tluMuy of n* 
fraction through a lens^ thuf if .r Ik the 
Hoparation parallel to the axis of two uhje(*t 
planers whkdi have images ninguitiHl in the 
ratios <1, and (L r<*Hi><H’tiv**l.v, ami if y is the 
(wmroHpoiuling separation Ndweeu theiuinge#*, 

providwl the ttdnudivo indiees of the ohjn't 
an<l image spaet's am eipjal. If, now, the < ip**' 
(d a Udeseope of iiingaifying js»\\er T h lom* 
Hidercd, the image «»f f*ver.v transverse r»hje4't 
is diniinislied V timos. so that t*, (L I l\ 
and if y is the hmgth of a transxer^^e i»h jei 1 
the imago is of length y' \\h**n* »/’ .v F. 
.Among the of»j«‘etH in the nhjeef is flm 

fimt Ions of the teleseo|H% and in neiuly all 
oiftHeH the ey(‘ in plneed uh nearly ai* ^♦te-^tu^de 
at the image «d I his lens, 'I'he diolune** 
any particMilar ohjeef. from thin hum may U’ 
id(intitie<l with / in the ulwav foriimU, and 
:r' is tlum tiu* distance i>f the image fr*nii the 
nye. The Hation iMduiM'it them w 




X 

pa* 


that, is to «vy, tl»o apparent ilLhinoe of the 
ohjeet fn>in tho eye has Iwen tliniini^Iiod aa 
the wpiart* tlu' roduftinti in the linear 
<UtneusionH of tlu^ohjeii. 'I’hua, althMiudi the 
image in lens Bum tin* ohjeet, it i< so luarh 
nearer the eye that fho liiud ro>iiilt that 
the t«*l(*rt('opio inuigt* apjavirs ti* have 
enlarged in tl»e ratio in Iiirh, in f.o t, it h.t.# 
hmi dimiumhod. But tit another wav fhi^i 
ia a partieulur illustration id tho Kumwii 
law that tlu^ angular magnifieatiou varie.^ 
invoiHcly oh tho linear inagrdlloation. 

Tho ndaiion In'twoeii r and jt* BioWj# tlmt 
tho range of (*cuhir ueefuninodatiMn n'«pni«'d 


* Hoe ** heiues, Thiatry of Simple,*' Mil; " Up- 
tlcal (’ak'niatloiw," J|<7>. 
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in viewing a perfect image in a telescope is 
equal to that called into play when the same 
objects are viewed by the eye from a nearer 
point, such that the retinal images are equal 
to those seen from the further view point 
through the telescope. The only difference, 
in fact, apart from any duo to imperfections 
in the instrument, is the incorrect perspective 
in the telescopic view for an image of the 
apparent size obtained by the use of the 
telescope. Owing to instrumental defects a 
much greater range of accommodation is, in 
fact, required, and special provision is made 
for this purpose in the telescope focussing 
adjustment. 

It will bo gathered from what has already 
boon said that the telescope is ])eouliar among • 
optical instruments in forming images of all 
real objects at a finite distance froin the 
instrument. Thus it is only when celestial 
bodies aro under examination that the cmer- 
gont beams of light are jiarallel with an 
instrument in normal adjustment. Notwith- 
standing this, it is f)ormissiblo, in dealing with 
the constnuition of the teloscoi)o, to consider 
only tho light emanating from infinitely 
distant objects. Tho imago of an infinitely 
distant object being itself at infinity, tho con- 
dition characteristio of tolescopofl in tho 
notation used in “ Optical Calculations ” is 
evidently 

K=0, 

and equations (31) of that article then show 
that the magnification is indejK'ndent of the 
distance of the objettt, and since tho magnify- 
ing })ower is the reciprocal of linear mag- 
nification, the desirable conditions for all rays 
in terms of tho magnifying power V are 

()K.,n„p I 

f)K/ DKn ■ r* 

From equations (33) it is seen that the 
relations betwec'.n the inendont and emergent 
dinuition oosines of the ray aro 

M N ’ 

and not the i.ang(Mit law which is usually 
assumed to hold, viz. 

M' N' 1/ 

M N L 

A furtlier (piantity <>f irjiporiance is mag- 
nitude of (“K^fl/r'KjrKn. or I); this is of tho 
(lirmuiNions of a hmgth, and may ho interpn^ted 
in tiirms of the distance of the c(‘ntro of rota- 
tion of th(^ (\ve from the last Hiirfa(*e of tho tele- 
scope wlicn'lhe (\v(* is in its most favourable 
position. Th(* value <»f this eye distance is 
I)/r, and similarly th(' imag(‘ of the last surface' 
of the teh'Hcope in the^ rest <»£ tlu' system lies 


in tho object space at a distance DT from the 
first lens. D may be given any finite value 
that is desired by changing tho scale of the 
whole instrument, so it is necessary in con- 
sidering its value to consider the length of 
the complete instrument, or alternatively tho 
focal length of a selected component lens. 
The value of D in comparison with tho 
apertures of the lenses determines the field of 
view of the telescope. 

§ (2) Galilean TELESCorE.— Tho simplest 
telescope consists of two lenses, the essential 
relations being in terms of paraxial quantities 

- 1 

Kl- jp . 

1-r 

K.- 

D= -t, 

SO that 1 + A = 

Ki K'8 

If r is positive, so that the telescope presents 
erect images to tho eye, one lens is positive and 
one negative, tho imago of cither lens formed 
by tho other being virtual. This is the con- 
struction used in the Galilean telescope {Fig. 1). 
Tho chief merits of the instrument, apart from 



Fio. 1.— GallloanTolcHCOiio. 


its choa])noH8, are llic brightuesH of tho field 
duo to tho small absorption of light. TJio 
chief defo(!tH aro tho small field of view result- 
ing from the negative value of I). The c.hief 
use of this telescope is for low magnilhuitions 
—say 2 to 5— and for night observation at 
sea. In an average'* iiisl.runK'int the ^ apparent 
field,” nu^asured by the anglers corresponding 
to tlu^ ext.ixMJie values of M' when N':"(h 
is about Ifi", th<^ valium in j)rac-U(^e being 
nearly in<lepen(l(*nt of the magnification. In 
tluMny it should be possible to obtain apparent 
fi<‘l(lH vvliich iiKux'ase tw the magnilie^ation falls. 
The real fudd, which corresponds to the oxtremo 
valuers of M with N ■ 0, is evidently obtainable 
with Hunieueiit aecuratiy by th(^ relation 

Appawmt field • Rcuil field x Magnifying power. 

S (3) Ahthonomuial TELESdoeifl. — If tho 
image ])reHented to th(^ eye is inverted, oorr<^- 
spemdiiig to a negative value of both 
l(uis<*H an' positive, and the desirable ])Oflition 
for the ('ye is external to the instrument, 
(^uisiderable advantage's, however, nwilt in 
this case' by utilising throo separato lenses, as 
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described below. An ordinary form is shown 
in £'ig. 2. It will be observed from the pre- 
ceding formulae that 

- Kir, 


and this result may be extended to telescopes 
generally, however complicated their structure. 



‘EI&, 2. 


La fact, the equations already referred to give 
at once for all values of \ 

p— _ 3Kx,n /dKi,\ 

~ ~ aKx / aSx • 

When there are three lenses the two separa- 
tions, and ia, and D may be given arbitrary 
values. The powers of the lenses are then 
given by 




-1 , #1 


For comfortable use D should not be numeri- 
cally less than 25V mm., its sign agreeing with 
that of r. If the apertures of the lenses are 
denoted by respectively, the maxi- 

mum useful aperture under normal conditions 
is determined by 

ai=fi|r|, 

where e is the largest diameter of the pupil of 
the observer’s eye when using the instrument. 
Under ordinary conditions a value for e of 
about 6 mm. may be adopted. This deter- 
mines the aperture of the objective, and a 
knowledge of the performance of objectives 
of various relative apertures enables an upper 
limit to be assigned to the value of ki. In 
good instruments values of as high as 
0*3 or 0*35 may be found. The remaining 
quantities follow readily on consideiing the 
field of view. The useful rays are effectually 
limited by two stops in the object space, the 
images in the front part of the instrument of 
the second and third lens apertures. The 
image of the third lens, as has been seen, is of 
diameter atj | P |, and is a distance UP in front 
of the first lens. The image of the second lens 
is of diameter 

I OaUP I 

W+tj'Y 

and is situated a distance 


«iDP 


in front of the first lens. As ^ tends to 
be small it is simplor to consider the latter 
limit as a cone through the first lens aperture 
of semi-angle tan-^ (a.j2ti). The effect of the 
two apertures is to enable the whole aportuie 
of the objective to transmit useful light for 
an angular field determined by the smaller of 
the two ratios a^jb^ and | | - 1 a^jV |, with an 

outer zone of the field corresponding to the 
space between this limit and the smaller of 
the two ratios and | a^/I) | + | a^jV |. In 
this zone the brightness of the imago con- 
tinuously diminishes from the inner to the 
outer limit because only a diminishing portion 
of the area of the objective receives light 
which is eventually transmitted to the image 
space. It is customary to include about one- 
half of this outer zone in the field of view, and 
a metal diaphragm is placed where the real 
image of distant objects at the limiting angle 
is formed to give a sharp edge to the field. 
The case of practical importance is when both 
I) and P are negative and the powers of all 
the lenses are positive. A telescope of this 
kind is the foundation of the well-known 
prismatic telescopes usually combined in pairs 
for binocular vision. A positive value is 
always secured for ^i-h^aP, and this has a 
direct influence on the correction of the com- 
ponent lenses for colour. The system will bo 
automatically maintained in telosco]>ic adjust- 
ment for another colour if and remain 
unchanged in the expressions for ki, Kb, Kj 
while D and P arc changed. yu])[)OHO that 1) 
and P become D{l+(l) and r(l+ 7 ) whore 
d and y are small. If tlio new value of each k 
is obtained by introducing a factor (l-|-l/>'), 
evidently the first approximations arc 

'El — __ t/l 
va"" lip 

K 2 IhZ 

_ V(d - 7 ) bid 

Now small variations in D with the oolotir aro 
not of serious importance, so that the seciond 
lens need not be corrected for colour. If this 
lens is of a crown glass the variation of T) over 
the visible spectrum may be of the order of 
4 mm. If the value of d in terms of r.,. is sub- 
stituted in the other equations, it is found that 

^ 7 (ii + iijPlKain 

"i)r l)nva“" ’ 

__ {tl + kV)Kt ti 
Pa B “ D^P^ ' * 

Obviously the imago will be visibly im])erfect 
unless 7 is very small, and the proper jjrinciplo 
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for tho correction, of the external lenses is 
shown by making i’t z®ro. Since V is negative 
and all the other terms positive, should be 
positive and that is, the objective 

should be under- corrected for colour and the 
eye lens over-correeted. If the sign of + 
wore reversed, so that the eyepiece were of 
the Huygenian rather than the Ramsden type, 
the I'cquirements as regards those two lenses 
would be reversed also. The determination 
of the precise data for the construction of 
these lenses can follow the linos described 
under “ Optical Calculations.” When prisms 
are inserted for the erection of the image 
between the lenses the effect of the thickness 
of the glass — equivalent to a variation in ti — 
must bo taken into account. It is worth 
noting that when the second and third lenses 
which form the eyepiece are regarded as a 
separate instrument, the conditions for the 
chromatic correction which follow from the 
above equations when both tlieso lenses are 
of the same glass are inconsistent with that 
usually given, viz. 

2 <,=i+-. 

Kt Kz 

The correct condition in this case is 

and this approximates to the usual form when 
is small compared with Tho desirable 
separation on this theory is always greater 
than that given by the ordinary rule, and 
roaclios a value twice as groat when the first 
pnnci])al focus of tho field lens is situated at 
the objective. 

( 4 ) TjCRUKSTiitAL Tklesoope. — T elcsco])os 
having four or more soi)arato(l lenses may bo 
discussed in a similar way. Tho principal aim 
in introducing additional lenses is usually to 
present an erect instead of an inverted image 
to the eye, so that a form with positive values 
for 1 > a^u^ V is flesired. It will sulficc, by 
way of example, to consider a system of five 
H(‘ pa rated lenses. 

JjCt tftr~ ~^r 


and rogai*<l and 
Then the powem of 
mincMl from 


1 

i)r 


Ixk'i 


k, 

Ukz 


h'- 


A'a 


f'af '4 




Ku 


'I',' 


tn 

tJCi 


h 

■ \)k: 


natural to adopt is that will ho small, so 
that the even lenses, which are likely to he 
field lenses, wiU be approximately in con- 
jugate planes with respect to the third lens. 
As D is to be positive this implies that k^ and 
k4, will differ in sign, A further limitation the 
designer will wish to bear in mind is the value 
of the sum of the powers of all the lenses. 
If this is too large the curvature and astigmat- 
ism will tend to be inconveniently great. The 
value of this sum is 


S/c = 


(L — A;2 “'^4)* (1 “TV tg,t^K^ 


"Xyk^k^ 


two terms being positive and two negative. 
In special cases these expressions are unsuit- 
able, for k^ or k^ may be zero. Ambiguity in 
these instances may be avoided by treating 
as an independent variable, and the formulae 
become 

I , ksJe^ — 


as iji(l(q)cndont variables, 
the 0(1(1 l(‘ns('H ai*o deter- 


Til practic'o there arc limitations to the extent 
to wliush ki and A** may he varied iud('pen(lently 
of one another, and a restriction it apijoars 






krJCz ~~ tits 

DM* ’ 




{hzikj^its — {titz + ^^*)*} 


^I>tititA 

,h,h.h ,2 2 2 2 

tltz tzts M* tx tz tz t^ 


If 


u — 55 ? 

tx ’ 


and similarly, if ht. = 0 , 

Kz— 

h 

To determine the character of the chromatic 
coiTection necessary in tho components, it will 
bo observed that if latitude is allowed in D 
control of the two oxtornal lenses alone is 
necessary to ensure that tho system remains 
a tclcscopo of magnifying power V as tho 
(solour changes. It may, in tho first place, ho 
assumed that tho oven lenses are of a single 
glass of tho same molting. In the particular 
case 

kz = kz = 0 , vz=Pi=Pj 


(l-r)« . 2 (ti+tz)(tz+tz) 


DP 


tit^ts 


( Di^ — tits + tg,U)* 
Tytitztg,ti 


J^tM 1 - pd) = (tx + k)kk + (tz + h)txtz, 

indi(^ating a negative value for vd. Also 
d 
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Thus if r the fifth lens requires to be 

achromatic, and either the first and third 
must be separately achromatised or one must 
be under- and the other over-corrected, the 
relation between the amounts being 

(^a +y?'i + ri4?/3=0. 

It is preferable to depart somewhat from this 
condition, so avoiding having lenses in sharp 
focus with the image. If the real images 
precede the second and fourth lenses, the fifth 
lens must be over-corrected for colour but the 
first and third lenses must 
form an under-corrected 
combination. If the images 
follow the second and fourth 
lenses the fifth will be under-corrected, and 
the first and third together will be over- 
corrected. The modifications involved when 
hi is not zero are easily traced, and on 
the principles already illustrated lead readily 
to the justification of the form adopted for 
the terrestrial eyepiece when the last four 
lenses are of a smgle glass. When large fields 
of view are desired the third lens should be 
built from more than one glass to enable the 
spherical aberrations to be properly controlled. 

Telescopes consisting of five separated lenses 
are largely used as gun-sights. In this case 
one of the real images lies in a plane, in which 
cross lines are placed, either fine metal wires 
or fines etched on a fiat glass surface. Pro- 
vision is made for the illumination of the fines 
for night use, the light falling on the wires 
from the eyepiece side, or in the case of etched 
lines, entering the glass plate through a polished 
edge. 

§ (5) Prismatic Telescopes and Bin- 
oculars. — ^The three-lens inverting telescope 
is usually converted into an erecting telescope 
by the insertion of erecting prisms. Many 
different forms have been employed, in some 
of which the prisms fie between the lenses, 
while in others they precede them. In a 
few military instruments the prisms are also 
utilised to change the direction of sight, as 
in gun-sights to be used against aircraft. In 
the most usual form {Fig. 3) two isosceles right- 
angled prisms are used, with their principal 
planes at right angles, the light entering and 
leaving each prism by the hypotenuse and 
being reflected at each of the equal faces. The 
effect of each prism is to reverse the direction 
in which the light travels and to invert the 
image in the principal plane of the prism, but 
not in the perpendicular plane. The two 
prisms together thus produce the inversion 
required while the fight emerges travelling in 
its original direction, though the emergent 
axis is of course displaced relatively to the 
incident axis. Advantage is taken of this 
displacement in binocular telescopes to secure 
as large a separation as possible between the 


centres of the objectives while obtaining the 
eyepiece separation nceossary for coinfortiiblc 
use with both eyes. Tlio effect is to increaHo 
greatly the stereoscopic ])ower of the instru- 
ment, that is, the extent to which the varying 
distances of objects from the observer is made 
evident by the slight eye adjustments iK^cessary 
to bring their images on corresponding n'tinal 
areas. It is easily scon that, referred to the 
unaided eye as a standard in whi(;h this pow't^r 
is represented by unity, the stercosco])i(^ j)ower 
is equal to 


The action of the prism is very easily deter- 
mined geometrically in simple cases, and in 
complex examples a polar diagram enables 
the effects of any number of roflootions to bo 



traced without difficulty. When there are 
two plane reflecting surfac^es inclined to one 
another at an angle a, as in Fig. 4, the figure 
illustrates that any ray incidcuit in a i)rincipal 
plane is deviated througli an angh' 2a. Wlien 
the ray does not lie in a principal plane of 
the figure its ])rojo(5- 
tion on the principal 
plane follows the 
above law, and its 
component i)arallcl 
to the reflecting 
planes is unaffe<5ted. 

If, then, a is a right 
angle and the paths 
considered arc i)or- 
tions of a ray inside 
a prism, the angles 
made with the third 
face by the ray be- 
fore and after the 
double reflection are 
equal, and the inci- 
dent and emergent 
angles in air are 
also equal The osHontial (sondition is there- 
fore that the largo angle of tho prism 
should be a right angle, tlu^ equality of tlu' 
other^ angles being unimportant-. Th<^ fact 
that in considering changes of direction only 
the projection in a principal plane n<*cd ho 
considered enables a simple geomctrictal con- 


Magnifying power of tel e scope x Separation of objeetivo (‘cnt-n's 
Separation.of eyepiece contros 
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struction to be used, in which the path of a 
ray is represented by a straight line. Let 
AEC^ (Fig. H) represent a principal section of 
a prism, and PQ a portion of the path of a 
ray within the prism which meets the sides 
in. the order AC, AB, BC, AC. Let ABC' be 
a triangle on AB, such that AB divides AC'BCA 



into two symmetrical triangles with AC'=AC, 
Similarly on BC' let A'BC' be 
(Huiatriictotl Hymmetrically with ABC'. It is 
then oasy to see that the actual ray path 
PQR'S' corresponds to the extended straight 
lino PQRS. The i)riHm will produce no dis- 
persion if C'A' is i)arallol to AC, that is, if 
2A +20 =t, or if B is a right angle, and the 
prism is exactly equivalent to a plane parallel 
block of glass whoso thickness is equal to the 
hyp<jtenuso AO of the prism. 

Tho i^rism is mounted in such a way that 
ineddout rays can only enter the face AC in tho 
half nearer to A, and only rays which omorgo 
in tho half nearer 0 can proceed further through 
tho instrument. Evidently, in addition to 
such II ray as PQIiS, it is possible for a ray 
like JKLMN, wliicli moots tho sides in the 
oKh^r AC, AB, A(y, BC', AO, to emerge, and 
th(^ final direction may be j)arallel to that of 
Bi'H', though tho incident rays made angles of 
opposite signs with tho normal to AC. Such 
rays evidently cause a laterally invoited 
image ^ to he superposed upon that previously 
et>nsi(l(‘n^<h and Ht(q)s nuist bo taken to pr(‘- 
vimt this. If tho angle made by the ray with 
tfn* iionnal to AC is not small, the ray will 
inei't AB and B't.' at small inclinations, and 
th<^ light whi(di (‘vcnt ually nwlii's A''(''will he 
too faint, to In'! t rouhk'somc. 'I’he rays which 
inak<^ a small angk^ with tho normal may he 
stoppl'd by <*ntting a slit syinnudrically across 
AC parallel to the lim* ,of int(*rscction of AB 
and Prom t.he imagt's of this slit in tho 

diagram it is (»vid<'nt that this siinplo device 
is a<h‘({uat<' to pn'vc'iit this “ ghost ” image, 
and that its only direef, elT('(d is t() necossitate 
a HonK'what largiw prism to transmit the useful 
light than would otherwise' he the <‘aH(‘. 

‘ tf, may !)(' noted that tho <‘hanict(‘r (»f flu* ImuKo 
In this nwiM'ct deix'iids upon the iiumher of relloctlons 
being even or odd* 


The size of the prism is evidently important. 
The larger the prism the longer the ray path 
in the prism, so that variation in the size 
involves variation in the image position, and 
for a manufactured instrument the variation 
in size must be confined within narrow limits. 
The shaping of the base to fit in its seating 
is quite a distinct question. There will, in 
practice, be a limit to the permissible difference 
in the base angles, as a large inequality would 
involve a loss of light owing to the vertex of 
the prism, which is truncated, intruding into 
tho region in which rays travel. These con- 
siderations, together with the fact that varia- 
tions from a right angle in the vertical angle 
are only important on account of the pris- 
matic effect of an error, lead to the conclusion 
that very great accuracy in the angles is not 
essential. Errors of tho order of a minute 
of angle will bo permissible : ^ this value may 
bo contrasted with an accuracy of about a 
second necessary in a right angle when light 
may bo incident first on either of the planes 
forming tlio angle. 

If one of the prisms of a pair, situated in the 
way necessary to convert an inverting into 
an erecting telescope, is rotated so that its 
principal plane is brought into parallelism 
with that of tho other prism, there is in one 
direction no inversion at all, and that in the 
other direction is a reinveraion of the first 
inversion ; in other words, no inversion has 
boon effected. It may be inferred that the 
imago rotates through twice tho angle described 
by tiie prism. If, then, the principal pianos of 
tho two prisms are not at right angles to one 
another, the imago of a vortical object will be 
inclined to tho vortical. It is therefore neces- 
sary for the ridge of each prism to be very 
closely perpendicular to tho longer axis of the 
base, '^riic same i)rinclplc shows that pyra- 
midal error in one })rism produces the same 
effect as an error in tlio right angle of tho 
other prism. Advantage is Bomotimos taken 
of this eff('(it to com])ino together a pair of 
prisms wliii^h tend to cujrnpensato one another’s 
(l(ffet?tH wluui thesis ai'e too groat to allow of 
th(^ of oiu^ of them with a normal prism. 

It has alrcxidy Ixum sei'n that tho prisms 
must he mountcul in a way which prevents an 
alteration in the (li^e(^tio^ of their principal 
plaiK^H. \Vh('u tlie prisms are placed between 
the ohje(!tiv(^ and (‘yepiiuio it is equally im- 
fiortant to prevent a translation of a prism 
in the dinM^tion of its length. Tho figure 
(Fig, 6) shows that the effect of such a 
rnoveimuit is to dis{)la(:e tho emergent rays 
through twice the distance through which the 
prism is rnovi'd. As a (x>nHoquenco of such a 

* Tolc'ranccH of t.hnxi luinutos for tho right anglo, 
flv<‘ inlimtcK for 45” angk's, and throo miuutos for 
tin* pyranii<lal I'rror liavo Ix^ou proposod for sorvioo 
lnHtruin(*nt.H. Sc<‘ Uvtmt of the- (hmmitte-e on the 
I >StamiHrtiiHation of Oplwal InutrumcnUt, II.M.S.0, 
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UiHplaooitiont, rays fn)m a point, on tluvaxiHof 
tho ohjc<^tivi\ whioh Hhould jiaralH 

ti> th« axiH* will form an ima^jco off tho axw of 
tho oycpiooc, and the emorgont rayH will ho 
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dtHviat^Kl. ThuM rayH through the two iolo- 
Heo|M^ (»f a hinouular, whioh nhould emerge in 
IMvraUol dinud-inuH, will 1 h^ inelined to one 
another, an<l unleHH tiiiH im^linatiou iu Htuall 
tho iuMtnanent cannot Ikh uHcd, particularly 
f«»r eontiuuouH olmervaticm, without <‘.aiiHing 
<UHoi»rnft)rt the olwerver. Onc^ of the mowt 
important dotailH in a prismath^ hinocmlar iu 
thuH the meariH hiktm to ensim^ that the 
priHina ann held iinnuivahU^ in their Hf>atingH. 
The meilKul muHt not involve local Htrain in 
the pHniUt aft tluH in liahle to eauHe fraeiun% 
in addition t.o (Uderioraiiot\ in tho image. 
Tfi (M>rr(H‘t adjuntment within auitahle 

limitft the ohje<dive in UHually mounted in a 
cell carried hy twt» e<H?('ntrit^ n'ngH, whicih c^an 
Ik* loekwl in any r(K|uir(‘d azimuthH, Thift 
d(‘vl(u^ irt illuHtrated in 
i'Vf/. 7, wh<u*c' the Humll 
olrele n^preHentft tho 
area to any point <if 
whi(di the cutntnv of 
the ohjective (uin 1 k> 
brought, aft in demred. 

The (UTor rtwdting 
from inac.curato acl- 
juHinuuitof tho hiHtru- 
rra. 7. nu'iit in of ih<i nanie 

kind iw would he 
PHkIuckkI hy the uhc of a (limit viftion 
hinocular in which the ax(*H of the tw'o 
hd<wn»|H‘H woMi inclined to otm another. It 
han thuH htv*n (nunmon to (hwnhe the <*rpor 
aft ** inclination of the axt'H,” though thin 
explanation in ru)t HiHctly cormet. The toler- 
al»l(‘ hmitH of error naturally refer to the 
liU’IinationH of the two emergent InvimH, and 
ani indefHUuhmt of i-lu^ magnifying power. 
Ah would he expected, a much greater error 
(tan Imh allow'ed when the heamn diverge on 
heaving ih<* iuHtrument, mo that the ey(*H are 
r«»c|uinid to (ton verges than wlien tlm beams 
eonv(*rg(S or have a ndative inclination in 
t he V(‘rtieal plams If the i)ermiHHi})le ern)rH of 
th(* (unergiug IxMim are translated into inclina- 
tion of theax('H, the amount of error allowahlo 
d(»p(uidH upon tho power, hut hctlow a pow(w 
of H it Ih cuHtomary to have iixed limitH of 
error for the ax(ta, as tho attainment of tho 


more Mtiingent standard for low powers offers 
no diOictulty. These axis errors may reach 
thr(>e miinitoft in. the vortical plane and six 
minutoH in the hoiizontal without causing 
diHcomfort tt) the observer. 

Prismatic binoculars are generally mounted 
HO that the two telescopes may rotate about 
an intermediate hinge, thus permitting tho 
separation of the eyepieces to bo varied from 
about 55 to 70 mm. Tf the optical axes of 
the teloHC(»pes are not parallel to tho axis of 
the hinge, the inclination of the telescope axes 
will^ vary with the intorooular distance. In 
t(\sting hinoetilars it is accordingly customary 
to measure the errors of want of parallelism 
for throe distinct interocular values. 

A further adjustment of importance in any 
instrument in which tho two eyes are used 
Himultaueously is a moans of focussing each 
i^deseopo inclopendently. The most satis- 
factory method is tho direct one of mounting 
each eyepiooo in a coll which may be 
moved in or out by a screw of very coarse 
pitch. 

TIuh very brief description of tho principal 
a(ljuHtmeut.H which are necessary in a pris- 
matic Innooular suffices to indicate the com- 
plexity of the instrument in assembling its 


A 



B 
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partH. Ill many designs attempts arc made 
to avoid this by tho use of external prisms. 
Other forms arcs illustrated in tho article 
on (IJerman tcloscopos.^ Another design is 
hIiowii in the accompanying figure {Fig. 8), 
taken from a paper by H. Dennis Taylor.® 
'Phe lower portion of tho prism is of the 
** roof ” tyi>o. Tho chief advantages of this 
prism are its compactness and tho need for a 
single prism only. From the figures of its 
dovelopmont {JFig. 9) it is readily seen that the 
roof angle B must bo very closely a right 
angle, since parallel rays of tho same beam must 
continue jiarallel whether their final positions 
are determined hy developing tho prism about 
RB and S'B or about SB and R^B. Tho 
dovelopmont in the perpendicular plane shows 
that the bisector of the angle A must be per- 
pendicular to the roof ridge, 

» See Telescopes of Goman Design.” 

* 'Transactions of me Optical Society, xxU. 03. 
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If, as in the illustration {Fig. 8), the prism is 
so enlarged to give increased stereoscopic power 
that the projections of the entrance and exit 
pupils do not overlap, the roof prism is used 
as an ordinary right-angled prism, and the 
accuracy necessary is not greater than in the 
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right angles of the prisms of the ordinary typo 
of binocular. 

§ (0) Anastiomatio Telescopes. — In the 
paper just mentioned, Taylor describes a tele- 
scope in which the curvature and astigmatism 
of the imago are corrected simultaneously. 
This implies the satisfaction of the Petzval 
condition, and therefore the presence of 
negative lenses in tlie instrument other than 
those used to remove chromatic aberration. 
The accompanying figure {Fig. 10) shows a 
section of the instrument taken from the 
paper. The objective is of approximately 
normal type. In front of the real image is 
placed a very powerful system of negative 
lenses K of fluor crown glass, achromatisod 
with an extra dense flint. 


such telescopes may be mounted as a bin- 
ocular by the addition of two of the prisms 
illustrated in Fig. 8, in front of the two 
objectives. 

The chief difficulty in the construction of 
telescopes having their fields corrected in 
this way lies in the limited range of glasses, 
which necessitates the use of decidedly large 
curvatures in the component lenses, unless 
the number of lenses is much larger than is 
usual in normal designs. In theory there is 
no difficulty, as may be shown by considering 
a particular type of construction. As is well 
known, achromatic lenses can be made to yield 
images corrected for spherical aberration and 
coma for an object occupying a definite posi- 
tion. If in a train of lenses corrected in this 
manner the image formed by each lens occupies 
for the next succeeding glass the position of 
the object for which the latter is corrected, 
it is evident that the image produced by the 
entire instrument will be free from spherical 
aberration and coma. Under these condi- 
tions the curvature of the primary and second- 
ary images produced by each individual lens 
will bo less than that of the corresponding 
objects by the amounts k{Z + 7s) and /:(1-|-ct) 
respectively, where k is the paraxial power of 
tho component and cr is its Petzval coefficient. 
It follows that tho conditions for the simul- 
taneous removal of curvature and astigmatism 
are 

S/f=0 and Sm=0, 

the sums being extended to include every 
component lens. In practice these conditions 


This lens is essential for the O ^2 

attainment of tho desired cor- 
rection, and forms an image 
of distant objects approxi- 
mately in tho plane of the field 
stop (id, Tho use of the nega- 
tive lens in this ]) 08 iti()n causes 
a largo real image to bo 1(). 

formed, corroaixmcliiig to a 

focal length appnxtiably greater than the will need slight modification owing to tho 
distancxi of the objective 0 from dd. Tlie i)r(‘Hen(X'> of higher order aberrations which 
field lens K is nee(‘HHariIy a po\v<‘rful lens imist be ])artially eomi)ensatod by those of 
to <h‘viate to th<i (‘ve leinses bh and bh the low<*r order. The important feature of this 
diverging bcxims which form the r<‘ul iitiage. parihmlar solution is that tho ])Osition in 
K is matin of dt^nsn bn,riiin» crown glass t.o which l-ht^ nt'galive lenses occur in tho system 
secure a high n'fractive inde.x with n. low' dis- is immattTial, so it is at once evident that a 
porsion. b3, and b3,, art' f)biced clost^ together, solution is possihlt^ in which they are placed 
S(^I)arale It^nsc^s being nt'ct'SHary t<) attain tht' iitvir the real image, the one position in which 
desiml aj)eri.urc ratio. I’ht^ positive com- tlie divergence they tend to produce will 
ponents am of light haryta flint glass and the not ht^ an insuperable obstacle in tho way 
negativ(^s of extra dense flint. 'Die (rorroetions of controlling the positions of tho rays on 
obtained r(‘semhl(^ those* of the most peri<‘ct emorg(*neo. 

t)hotograj)hi(i I(*ns(^H, and tho apiiaront field § (7) NtrMKKTOAL KK.srrLTS. — The following 
roaches 6fi d<*gn^os. The t(^h*scoi)e illustrat<Ml talih' gives the leading dimensions and pro- 
is of magnifying pow(T 10, hut systems of p<‘rti(*s of some of the best-known patterns of 
lower powers have h<*on <!on8tru(d(*d. Tw'o t(d<*Hcopes and binoculars. 
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TELESCOPES OF GERMAN DESIGN 


Type. 

Magnifying 

Power. 

Diameter 

of 

Objective 
in mm. 

Diameter of 
Emergent 
Pencil in mm. 

Angular 

Field 

Degrees. 

Apparent 

Angular 

Field 

Degrees. 

Length 
in cm. 

Galilean binocular 

4 

50 

12 

4 

10 

10 

Prismatic binocular 

6 

30 

6 

8 

60 

10 

Prismatic binocular 

8 

25 

3 

6 

60 

10 

Terrestrial telescope 

45 

75 

1-7 

0-8 

35 

no 

Terrestrial telescope 

16 

30 

2 

2-3 

35 

60 

Gun-sighting telescope 
Variable power gun- 

8 

60 

6 

6 

40 

60 

sighting telescope 

6 to 21 

60 

10 to 2-5 

8 to 2 

40 

75 


T. S. 


TELESCOPES OF GERMAN DESIGN 

The general features of the optical systems 
employed in German telescopes are very 
similar to those which are to be found in 
British instruments. ^ The German designer, 
however, seems to make more use of specially 
designed prism systems to replace separated 
lenses for erecting the field of view. This 
characteristic, which leads to greater compact- 
ness, may be illustrated by a brief description 
of two German telescopic systems which the 
writer had occasion to dissect during the war.* 
The two instruments in question are naval 
gun-sighting telescopes, manufactured by Carl 
Zeiss, Jena. 

§ (1) Pbrisoomo Sight. — A vertical section 
of the optical system is shown in Fig. 1. 
The special feature of the system is the prism 
D, which is also shown in perspective in 


light from one half of the field is next rofloctod 
from the face d to the face e, that from tho 
other half of the field being reflected from e 
to d. The light then passes out of tho prism 
at the face c. The 
path of tho central 
ray is indicated in 
Fig. 1a by means of 
arrow-heads. In order 
to prevent overlap- 
ping or separation of 
the two halves of tho 
field the angle be- 
tween the faces d and 
e, which form tho 
“ roof ” portion of the 
prism, must not differ 
from 90° by more 
than a few seconds. 

The angles between tho other faces of tlio 
nrism are annroximatolv as follow ; 



Window 






Objectiue 



Graticule 


Fig. 1. 



Ejfe- 

Piece 


Fig. 1a. It is of the “ roof ” prism type, 
and is designed to displace the optical axis of 
the instrument parallel to itself through a dis- 
tance of 6*5 cm. and to reverse the field. The 
light enters at the face a (Fig. 1a), and is totally 
reflected internally at h and then at c. The 

^ See article on '' Telescopes.” 

® For a complete description of the instruments 
sec ,T. S, Anderson and A, B. Dale, Opt. Soc. Trans., 
1919, XX. 315. 


Anglo between a and b, 00° 

„ „ b and c, 120° 

„ „ c and d, 52° 45' 

„ „ dandfl, 52" 45' 

Faces a and c arc parallel. This typo of prism 
is also employed in many British 
instruments, particularly in dial 
sights, but the Germans seem to 
use it much more frequently. 

§ (2) Right Anolk Sight. — A 
vertical section of the optical 
system is given in Fig. 2. Tho 
instrument is designed to deflect 
the light through a right angle, and is 
evidently intended for use in a position 
where the optical axis of the oyopioco makes 
an angle of 45° with the ver^cal, the eyopiooe 
being directed upwards. Tho prism D' in this 
instrument is of rather an unusual type. 
It is shown in perspective in Fig. 2a. The 
light enters at the face a', is reflected internally 
at b', and then at c', and passes out of tho 
prism at the face d\ Tho path of tho central 
ray is indicated by moans of arrowheads. 
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The angles between the faces of the prism are 
approximately as follow : 

Angle between a' and h\ 45® 

» „ h' and 75® 

» M of and c', 90® 

» „ c' and d\ 07® 30' 

». o' and d\ 90° 

These instruments also serve to illustrate 
a rather novel method of illuminating the 
cross-lines for niglit work. The cross-lines 
are engraved on the flat surface a of the 
graticule lens (E in Fig. 1 and F' in Fig. 2), 
the edge of which is })olished. On the outside 
of this lens there is mounted a cell, in a 
groove of which are two small glass tubes of 
circular cross-section and bent round in the 
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certain intervals are purposely modified in 
order to meet the requirements of practical 
convenience and allow of free modulation 
with fewer notes. See “ Sound,” §§ (4), (5). 

Temperament, Equal ; the musical tempera- 
ment most commonly used, in which the 
semitones, whether diatonic or chromatic, 
are exactly half the tones. See ‘‘ Sound,” 
§ (fi) (iv.). 

Attained on wind-instruments with special 
valves. See ibid, § (40). 

Temperaments, Cutep Musical, and Just 
Intonation, tabulated. See “ Sound,” § (0) 
(v.). Table I. 

TfflST op Mirror of Reflecting Telescope. 
See “ Toloscopo,” § (11). 

Test-case op Trial Lenses : a series of the 
lenses forming the various possible combina- 
tions of spectacle lenses, used in testing a 



Window 
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form of rings. These tubes are filled with a 
lino powder which (Consists of a hiininouH 
compound having approximately the same 
luminosity as that given by tln^ British -2 mg. 
radium bromide p(‘r gr. comfxnmd. Th<» 
light from this (compound serv(‘s to illuminat<^ 
the croHH-Iines wlnui tJu‘ instruments are being 
used in tlu' dark. If tln^ light should prov<‘ 
to have a disturbing (dhsd. in finding an ol»j(‘ct 
at night the illurniiuit ion ean be s<‘reened olT by 
moving tli<‘ cell, which (xmtains tlu* tub(*s, 
a short. (listainx* along tin* axis. I’his is 
acuxunplislu'd by means of a. w<>rm-gear 
arrangeni<*nt. 

Kop mon* (l(‘tail(‘d deseriptions of (ferman 
t(d<wopic systems reh'nunx* may la^ ma(l(' to 
The, Theorg of Mixlerfi Ogiicu) 
by Dr. Alexander (Ihuelum, translated by 
11. H. Mmsh'v, B.iSe., and \V, Swaine, B.Sc. 

, 1 , a A. 

XEMPEitAMEVT ; a term used in musie to 

denote a HyHl<un of mtiHi<*al notes in which 


patient’s vision. Hco “ Ophthalmic? Oj)tical 
Api)aratuH,” § (9). 

Test Plate: an applianc^e of the i>raoti<jal 
optician having a very pcufc'ct oj)ti(?al 
HUi-facH', eitbeu- fiat or curvc'd. See ” Oj)- 
tical Parts, The Working of,” § (4); also 
‘VIiderfcM’omtdem, Technical Aj)plicationB 

Tktka - loDo FufOREHOEiN : a rcuigont for 
tc'sting ofd.icial glass. Sec? ” CllofiB, (hemioal 
Dean mi position of,” § (3) (i.). 


THKODOblTM, THE 

§ (1) The thc?c)clolito is not only the most 
important of surveying instruments, but one 
of tlie oldc'st. Ix'onarcl Digges in 1571 ^ 
dc'scrihc's a Theodclitus ” consisting of a 
graduated horizontal circle, with an “ Alidade ” 
or sight pivoted on a vertical axis through the 

^ Leonard I)lg«(?H, A Ocomutrical PraeiictU Treatise, 
dr.. 1571, 



868 


THEODOLITE, THE 


centre of the circle. The theodolite was 
therefore primarily an instrument for measur- 
ing horizontal angles, i.e. the angles between 
planes containing the vertical axis of the 
instrument and the various objects observed 



ITig. 1, 

to. Digges also shows how a “quadrant* 
can be added so as to observe angles of eleva 
tion or depression at the same time as th< 
horizontal angles. The theodoHte as nov 
made is generally provided with a vertica: 
arc, and most modem instruments are made 
so that the sighting telescope wiU “ transit ” 
on Its horizontal axis, i,e. so that it can be 
reversed end for end without removing it 
from its bearings ; in this case the vertical 
arc (if provided) is generally a complete circle, 
buoh instruments are known as “transit 
theodolites,’* or shortly (especiaUy in the 
U.S.A.) as “ transits.” The instmment was 
nrst developed as an accurate portable instru- 
ment by English makers in the latter part 
of the eighteenth century. The 3 ft. theodolit 
bv Ramaden no ad a in 1 7 ft 7 o i • i 


was the first which was suflficiently accurate 


to detect the spherical oxcess of terrosirial 
triangles. For the history of tlie theodolite, 
see Laussedat.^ 

Instruments are now made with circles 
ranging from 3 in. in diameter (for cixplorers) 
to 12 in. (for goodotio work). 

§ (2) Description. Fiy. 1 illuRtrates a 
6-in. micrometer transit theodolites by Trough- 
ton & Simms, and Fig. 2 a fi-in. example 
by E. R. Watts & Sons. In both caH('H the 
circles are read by miesrometer microscuipcH to 
10 seconds, and to single seconds by estimation. 



The telescope A is an ordinary afitiuniomit^ul 
telescope provided with esross hair-s, and 
mounted on a horizontal axis B. When the 
instruni^t is in perfect adjustment, th<» 
oolhmataon hno of tho teloscopo intorspctK 
the honzontal axis at right anglcH, Tho 
liiaphragm can bo adjusted by tho hctowh 
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shown in Fig. 1 (in Fig. 2 they are concealed 
by a screw- on cai)). The axis B is carried by 
arms attached to the upper plate of the in- 
strument. The upper plate is shaped to 
protect the divided circle, and carries the 
microscopes for reading the circle. The whole 
instrument is supported on a trybrach D, 
with throe levelling screws E. The upper 
plate and the lower plate (carrying the divided 
circle) are capable of rotation independently 
on concentric vertical axes. A clamping 
screw E clamps the lower plate to the try- 
brach in such a manner that a small relative 
motion can bo given by the slow motion tan- 
gent screw H. Similarly clamping screw J 
and tangent screw K connect the upper and 
lower plates. The vertical axes should inter- 
sect the horizontal axis at right angles, and 
at the same point in which the collimation 
line intersects it. An adjustment is provided 
for raising or lowering one end of axis B so 
as to make it perpendicular to the vertical 
axis. The vertical circle is rigidly attached 
to the telescope. In Fig. 1 the microscopes 
for the vortical circle are attached to an arm 
which also carries the sensitive spirit level L, 
and which is mounted rotatably on the hori- 
zontal axis, and prevented from turning with 
the teloscopo by the clip screws M. In this 
instrument the vertical circle with its micro- 
scopes and level is lifted out of its bearings for 
packing in its transport case ; the vertical 
circle is unprotected. In the instrument 
shown in Fig, 2, the axis B revolves in seg- 
mental bearings, and is not intended to be 
removed from them, the microscopes and 
bubble L are fixed to the arms supporting 
the axis B, the bubble is viewed by moans of 
a mirror, and the vertical circle is completely 
enclosed. When the vertical circle is read 
by verniers, those are always carried on an 
arm, as are the microscopes in Fig. 1. A 
clam])iiig screw (not visible in either photo- 
graph, but visible in Fig. 3) clamps the tele- 
scope axis to the arm N, while a tangent screw 
() provides a slow motion. When in proper 
adjiistinont, tlie microsco])os should road 
zero when th(‘. bul)l)lo L is levelled and tho 
telescope is horizontal. One or two levels 1* 
on th(^ upp(^r plate ]m)vide for levelling the 
vortical axis. A striding levc'l Q, rests on tho 
ends of axis U to ensure its being horizontal ; 
this lifts olT for packing, or wlieii not reejuired. 

A diagonal ey(‘pieee is y)rovided for taking 
sighiiH at high angles of elevation. Some 
instruiiKuits have a (urcuilar com])aSB on tho 
upper i)lat(‘, while otJiers hav<^ a trough com- 
])iiSH that can Ix', atta<died tt) one of tho arms 
(H, Fi{f. 1). In some eases the main spirit 
lovcil is atta<^he(l t,o the ffelescoy)e instciad of 
to tho mic^os(!op(^ arm ; tbis is more convenient 
if tho instrunuuit is to Ix^ uscxl tis a level, but 
loss so for reading a(!curato vc^rtical angles. 


§ (3) Details oe Consteuction. — These 
vary considerably in different instruments. 
Fig. 3 shows details of an instrument similar 
to Fig. 1. The upper plate is fixed to a coned 
spindle S, which revolves in the hoUow spindle 
T carrying the circle, which again revolves in 
a bearing fixed in D. A nut fixed to the bottom 
of S prevents the withdrawal of the spindles. 
In small instruments the weight is sometimes 
taken by the coned bearings, but in larger 
instruments only sufficient weight should be 
so taken to prevent shake. Fig. 4 shows one 
method of arranging this. In order to prevent 
shake and take up wear in the levelling screws 
E, the ends of the trybrach arms are often split 
vertically and the sides pulled together against 
the screw E by the screw U {Fig. 3). In older 
instruments the thread of screws E was 
generally left exposed, and the wear due to 
dust was often considerable ; in Figs. 1 and 
3 they are shown covered in. Fig. 5 shows 
another method of arranging this ; a nut V is 
screwed and fixed into D, and the footscrew 
works inside V. The upper portion of V is 
split, and its outer surface is coned ; a dust 
cap W is coned inside, so that when screwed 
down it grips the top of V and presses it on 
to E. 

Fig. 6 shows the construction of the lower 
part of Fig. 2. In this case, S is a hollow 
cylinder of hardened steel, which revolves in 
a fixed bearing Y, while the circle is carried 
by a hollow bearing T, which revolves round 
S. The whole weight is taken by two ball- 
bearings. This makes a very easy movement, 
and wear of the main axes is practically elimin- 
ated ; a further advantage of this construction 
is that there is no difficulty in making the two 
vertical axes coincident. The hollow spindle 
enables tho telescope to be used for centring 
tho instrument over tho station mark. A nut 
X prevents tho spindle from being withdrawn. 
The whole support Y of tho upper portion of 
tho instrument has a small horizontal move- 
ment with rcs])cct to D for fine adjustment of 
tho centring, being clamped by the screw Z ; 
Fig. 3 shows a similar movement below the 
levelling screws. 

In largo instruments tho double-coned 
bearing is not used ; tho lower i)lato is fixed 
direct to the base of tho instrument, and, 
though capable of rotation, it is not provided 
with any slow motion. 

Tho construction is simplified and cheapened 
if verniers are substituted for microscopes, 
but at tho expense of tho accuracy of reading 
tho angles, and verniers may often be used 
with advantage on tho vortical circles. Great 
accuracy of reading vortical angles is seldom 
re(iuired, except for certain astronomical 
observations, and if tho theodolite is fitted 
with arrangements for using Talcott’s method, 
all necessary astronomical observations for 
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survey work can be carried out without any 
accurate readings on the vertical circle. Sec 
‘.‘Surveying,” § (27). 

§ (4) Method op Taking Observations. — 
The instrument must be set up and carefully 
centred over the station mark by means of a 



plumb-bob, or by a nadiral telescope, and the 
vortical axis brought truly vortical ; for 
accurate work the most sensitive bubble avail- 
able should bo used for the linal levelling. The 
eyepiece is focussed on the cross hairs and then 
the telescope focussed on the distant object. 
It should bo noted that the eyepiece focussing 
depends on the sight of the observer and the 
telescope focussing on the distance of the 
object; the imago formed 
by the object glass must 
bo in the plane of the 
cross hairs, or the cross 
hairs will appear to 
move relative to the 
distant object if the 
observer’s eye moves. 

(i.) Obfierving Hori- 
zontal Angles . — The 
usual method is known 
as the direction method. 
The lower i)lato is 
clamiunl, and tlie tele- 
scope is turmsl on this 
first objcid., the objei^t 
being intersected by the vertical cross hair by 



mc'ans of the slow motion sc.rew. The hori- 
zontal circb^ is then n^ad. The u])per plate is 
th(‘n unclampeil and the telescope swung to the 
right till the lu^xti ohjiad. appi'ars in thi^ held 
of vii^w, the phite is ('lamp<*d and the linal 
intersection c,arri<‘d out by the slow motion 
Hcrew» anil the circle again ri^ad. All sta-tions 
are inti'rsected in the same manner, swinging 
to the right-, and closing on the original mark 
as a check. Th(\ telesi'opi' is then transited 
and a similar round taken swinging left. 
Observations taken with the vertical eiride 
on the left and right of the telescoj)e are 


known as “face left” and “face right” 
respectively. In all accurate work an equal 
number of rounds should be taken “ swing 
right ” and “ swing left ” and an equal 
number “ face right ” and “ face left.” By 
taking sets of rounds on different zeros, i.e. 
with different readings on the circle for the 
pointing on the first mark, the errors of 
graduation are averaged. In geodetic work 
at least 6 zeros are used, with two “ faces ” 
on each zero and two “ swings ” on each face. 
In tertiary work 2 zeros, 2 faces, and I swing 
on each face may suffice. The number of 
rounds taken depends on the accuracy 
required, and the accuracy attained should 
be judged by the closing errors of the 
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triangles rather than by the agreement of the 
individual moasuromonts of the angles. 

A method sometimes used is the “ repeti- 
tion ” method, when each angle is measured 
separately. The one ohje(‘,t is intorHoetod as 
before and the eircU^ read, thi^ up])er j)late 
is then undamped, the telescope turned on 
the He<M)ii(l ohj(uil., whi(fh is then intorsocted ; 
leaving the upper plate (^lamped the lower is 
undamped and tlu^ telescope turned on the 
first ohj<'ct, which is then intorseotod with 
th<^ lower tangent screw ; the whole ])rocesfl is 
r(q Heated several times ; the linal angle road, 
divid(‘<l by tlu^ number of re})(Htitions, gives the 
actual angl(>. A similar set should then be 
takim on t-lu^ other fa(<e. This method reduces 
the error diu^ to reading the circle, and is 
sometiuK's of ust\ hut with modem instru- 
ments th(^ errors due to the circle readings are 
lik('ly to he k^ss than the errors duo to move- 
m<mt of t.ho clamps, and the method is seldom 
uH<'d. It is newer used for geodetic work, and 
large th(H)doUteH are seldom i)rovidod with 
the necessary slow motion on the lower 
plate. 
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Some large instruments are provided with a 
" watch ” telescope attached to the lower plate. 
A reference object is intersected by this and 
observed at intervals, with the result that any 
movement of the lower plate, or twist of the 
stand, can be observed and allowed for. 

Horizontal angles are best observed with 
the horizontal axis unclamped. 

(ii.) Observing Vertical Angles . — Vertical 
angles are best observed with the upper plate 
undamped. The instrument must be very 
carefully levelled. The position of the bubble 
on the microscope arm should be noted at the 
time of observation, and a correction made if 
it is not in the centre of its run. A second 
reading should be made on the opposite face ; 
this is even more important in the case of 
vertical angles than in the case of horizontal 
angles, and a reading on a single face is of 
little value owing to collimation errors. 

§ (6) Ereoes and Adjustments, (i.) Ec- 
centricity of Circle . — ^It is easily shown that if 
there are two or more verniers (or micro- 
scopes) evenly spaced round the circle the error 
due to any eccentricity of the circle with 
respect to its axis cancels out if the mean 
reading of the verniers is taken, and that the 
same applies for all practical purposes if the 
verniers are not q^uite exactly spaced. A 
small adjustment can be made if necessary 
in the spac^ of microscopes by moving the 
drum and the comb, but the spacing of the 
verniers and the eccentricity of the circle are 
matters for the makers. 

(ii.) Horizontal Circle not in Plane Perpen- 
dicular to the Axis . — The maximum error 
introduced is about Ja®, where a is the (small) 
angle of tilt ; this error is negligible, as if a 
were large enough to produce any appreciable 
error the verniers or microscopes would be 
noticeably untrue on the circle. 

(iii.) Vertical Axis Vertical, but Horizontal 
Axis not Horizontal . — ^If the horizontal axis 
make an angle v with the horizontal the 
error introduced is v tan h, where h is the angle 
of elevation of the angle observed. This error 
is especially important when horizontal angles 
are measured to points at a considerable 
elevation, as in astronomical observations for 
azimuth. The error will cancel out in the 
mean if observations are made on both faces, 
or the striding level can be used and a correc- 
tion made for any dislevelment found at the 
moment of observation. 

(iv.) Vertical Axis not Vertical, but Horizontal 
Axis Perpendicular to Vertical Axis . — ^The 
error depends on the angle a between the 
direction observed and the plane in which the 
axis is tilted, the angle of tut jS, and the 
elevation of the object observed h, and 
amounts to sin a tan h. As sin a will 
represent the actual tUt of the horizontal 
axis its amount can be ascertained by the 


striding level and a correction made if 
necessary. 

It will be noticed that this error due to 
dislevelment cannot bo eliminated by any 
method of observation, but that they only 
become of importance when points are 
being observed to at a considerable angle of 
elevation. 

(v.) Collimation Line not Perpendicular to 
the Horizontal Axis . — In this case the lino of 
sight traces out a small circle parallel to tho 
great circle through tho zenith. If u is tho 
angle the collimation lino makes with the 
perpendicular to the horizontal axis, and A 
the angle of elevation, then tho error is 
u sec h. If a second observation bo taken 
after changing face tho error will remain tho 
same in magnitude but will bo of opj)()Bite 
sign, hence tho moan of tho two observations 
will be free from this error. The collimation 
error can be ascertained in several ways ; tho 
two commonest are : (a) Intorsoet a distant 
object, nearly at tho same level as tho instru- 
ment, leave tho horizontal circle clamped, 
lift the telescope out of its pivots and replace 
after turning through 180° about its length ; 
if the object be still intersected the instrument 
is correctly collimated in azimuth, but if not 
the actual error is half tho ai)parcnt error, 
and can be corrected by moving tho cross 
hairs. This method is only possible wlion tho 
telescope can be lifted out and reversed. 
(6) Intersect an object as before, transit tho 
telescope, and revolve tho ui)por ])late till the 
object is again intersected. If the difference 
of the two readings on tho horizontal eirele 
is exactly 180° tho instrument is in collimation, 
if not half the difference is the collimation 
error. 

(vi.) Collimation Line Perpendicular to the 
Horizontal Axis, but Distant dfrom the Vertical 
Axis . — ^In this case tho error is f, where 
sin e—djl, I being the distance of tho objec^t 
from tho instrument. This error also cauc^els 
out in the mean of two observations on dilTcr- 
ent faces, and in any cose can only b<^ a])})r(^(d- 
able on short sights. 

(vii.) Vertical Cross Hair 7iol Vertical.-- I’liis 
is tested by intersecting an objccft, and moving 
the telescope in altitude, when the object 
should remain ‘intoraoctod ovc^r the whole 
length of the hair. If it does not, the 
diaphragm must be rotated till it does. Any 
residual error can bo avoided by always 
intersecting on the same portion of tho cross 
hair. 

The above refer to horizontal angles, but 
errors (i.), (ii.), (vi.), and (vii.) apply mulalis 
mutandis to vertical angles, and are eliminated 
in the same way. 

(viii.) Vertical Collimation. — All vertical 
angles are read with reforonce to a spirit-level, 
and when the instrument is in adjustment 




THERMAL ENDURANCE OF GLASS— TRANSMISSION, SPECTRAL 873 


and with the vernier (or micrometer) arm 
bubble in the centre of its run, and the verniers 
reading zero, the collimation line should be 
horizontal. This is tested by reading the 
elevation of any distant object on both faces, 
making any necessary correction for any move- 
ment of the bubble between the two observa- 
tions. The elevations read should be the 
same; if not, the true elevation is the mean 
of the two readings, and the error is half 
the difference. The error can be removed 
by adjusting the bubble^ by adjusting the 
verniers (or microscopes), or by altering the 
cross hairs. The last method is not good, as 
the cross hairs should be on the axis of the 
object glass ; the choice between the other 
two methods depends on the construction of 
the instrument. In instruments such as 
those illustrated in Figs. 1 and 3, where the 
bubble is attached to the arm carrj^g the 
verniers, the true elevation of a point is found 
by readings on two faces. The verniers are then 
set to the correct reading by means of the 
clip screws ; and, lastly, the bubble is brought 
back to the centre of its run by means of its 
adjusting screws. In instruments such as 
that illustrated in Fig. 2, where the bubble is 
attached to the upper ])late, it must be set 
with reference to the vertical axis, and in 
this case the micrometers must be made to 
road correct by altering the drum, and (if 
necessary) the comb, or even by moving the 
whole microscope. 

All the errors considered above, except 
the levelling errors, can bo eliminated by 
suitable moans of observation, but it is still 
desirable that the errors tliemselves should 
bo small. It is sometimes only possible to 
observe on one face, and it is sometimes desired 
tt) pick up an indistinct obi(‘.(^t, or faint star, 
by sotting the known angles on the circles. 
There remain fo\ir important (^rroi*H : 

(ix.) Frrors of /wier-vcrtm/i.— These depend on 
the skill of the observer, the i)ower and optical 
qualities of the teh^scope, the character and 
illumination of tlu^ obje<'t interseetc!<l, the 
suitability of tlu^ graticule, and tlu^ stcwlinc^ss 
and clearness of tlu'i atmosj)h(‘re. In any given 
circumstances tlu^ error (*an only Ix' rcxluced by 
taking the mean of a ruimlxM* of observations. 
It is sometim(‘S advantageous to tise a micro- 
meter ey(*piec(', and obtain cixtra intersections 
by its means. 

(x.) Knors of — • These depend 

on th<^ maker of the inst-rument, and the best 
iiKxlern instruments shouhl hav(' no error 
greater tlnui a hw S(X'onds, and in tlu^ larger 
instrunuuits the inaxinnim <Tror should not 
exceed two or thre<i seconds. The njsulting 
errors can l)e r<xUu*(xl by taking a number of 
rcxvdingfl on diff<,*rc‘nt i)orti()ns of the circle, 
i.e.. by taking rounds of angles on different 
zeros. 


(xi.) Errors of Beading the Circles . — This 
depends on the method of reading adopted 
(see article “ Divided Circles ”), the micro- 
meter microscope being the most accurate. 
In the case of micrometer microscopes the 
error depends very largely on the illumination 
of the circle. The error can be reduced by 
taking a number of readings. 

(xii.) Atmospheric Befr action . — Horizontal 
refraction^ is seldom appreciable, unless the 
conditions are obviously unsuited for observa- 
tions, or unless the line of sight grazes a build- 
ing or the side of a hill ; a rather noticeable 
case is given in the Professional Papers of 
the Ordnance Survey , No. 2, p. 11. Vertical 
refraction is always important. jj. q. h. 


Thermal Endtjranoe oe Glass. See 
“ Glass,” § (S’). 

Theemoeleotric Method oe Spectro- 
photometry; the method depending on 
the uso of a thermopile and galvanometer. 
See “ Spectrophotometry,” § (16). 

Thermopile as a Physical Photometer. See 
“ Photometry and Illumination,” § (36). 

Thompson - Starling Photometer. See 
“ Photometry and Illumination,” § (27). 

Thorium Active Deposit, Decay oe. See 
“ Radioactivity,” § (20) (i.). 

Thorium X : the first product of the radio- 
active disintegration of thorium. Sec 
“ Radioactivity,” § (3). 

Thumsiiold; door, entrance, the place or point 
of entcu’ing ; used in connection with the 
souHes to indi(‘.ate phenomena associated with 
'very feeble Htimuli just suHiciont to produce 
a tMUisory rc^sponse. Sco “ Kyo,” §§ (4) and 
(14). 

Time, Obhervation for, for survey purposes. 
See “ Surveying and Surv(^ying Instru- 
mentH,” § (26). 

Time Eefkoth, Vlsuai.. See “ Eyo,” § (17). 

Tuanhkormationh of Radioactive Sub- 
htan(3kh, Tueory oe Successive. See 
Radioactivity,” § (20). 

Tranhformeu : an appliance for converting 
alternating current at low voltage to 
current at high voltage, or vice versa* See 
“ Radiology,” § (16). 

Transit Mounting for Telescopes. See 
“ Tedesoope,” § (14). 

Transmission, Spectral, See “ Spectro 
photometry,” § (14). 

^ See arthdci “ TrlKonomctrlcal Ilolghts and Terres- 
trial Atmospheric llofractlon,” Vol, III. 
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Transmission Losses with carbon arc as 
source cannot be less than 40 per cent. See 
“ Projection Apparatus,” § (8). 

TRANSPARENT SUBSTANCES, TESTS 
FOR HOMOGENEITY OF 

In making use of transparent substances, such 
as glass, quartz, fluorite, etc., for optical 
purposes it is essential to know the degree of 
homogeneity of the pieces of material em- 
ployed. The main defects met with take the 
form of bubbles and striae or veins due to the 
presence of layers having different refractive 
indices. Bubbles can usually be detected by 
the naked eye or with the help of a microscope. 
Want of homogeneity may be revealed by 
using either of the two following methods. 

§ (1) Shadow Method. — This can con- 
veniently be carried out on an ordinary 
spectroscope. The telescope is moved into 
the position in which its axis is oolUnear with 
that of the collimator. The eyepiece is 
removed and a fine wire is mounted so as to 
coincide exactly with the image of the slit. 
If the slit is illuminated and one’s eye is 
placed behind the wire, the field of view will 
appear dark. If a parallel - sided block of 
glass is inserted between the collimator and 
telescope objectives the presence of striae will 
be revealed by light streaks. If the specimen 
is in the form of a prism the telescope must 
be moved round until the refracted image of 
the slit coincides with the wire ; in this case 
monochromatic light should bo used. If the 
specimen has an irregular shape or has no 
polished surfaces it may be immersed in a 
liquid of the same refractive index (for a 
given wave-length) and examined as in the 
case of a parallel-sided block. A lens may be 
tested without using a spectroscope : an 
illuminated pin-hole is set up at some distance 
from the lens, and if one’s eye is placed at 
the conjugate point, any striae that may be 
present will appear as more or less dark streaks 
on a bright background. The visibility of 
the striae is usually improved by obscuring 
the image of the pin-hole either partially or 
almost entirely with a diaphragm ; in the 
latter case the striae will appear bright on a 
dark background, 

§ (2) Intbreerometer Method, — ^A com- 
plete discussion of this method is given in the 
article on “ Interferometers : Technical Appli- 
cations,” § (5). 

§ (3) Test for Strain in Optical Glass. — 
The presence of strain in optical glass is 
usually due to imperfect annealing, and it may 
be detected by means of the double refraction 
which is caused by the strained condition. 
If a specimen is placed between crossed Niool 
prisms the presence of internal strains will be 
^revealed by the appearance of more or less 


bright patches in the field. A convenient 
an'angement for obtaining a large Hold of view 
is to allow a beam of light, diverging from an 
illuminated pin-hole, to pass through the 
polarising Nicol and fall on a piece of ground 
glass. The specimen is then examined against 
the ground glass background^ by means of the 
analysing Nicol. In order to increase the 
sensitivity of the tost a wavo-plate may bc^ 
inserted in front of the analyser and orioutatc^d 
so as to give the sensitive fix'st order vioU^t 
colour between crossed Nicols, when no speci- 
men is present. The j)roHenco of doubU^ 
refraction in a specimen will then bo revoaU^d 
by a change of the violet colour to a tint of 
a lower or higher order.® 


Traverses : Computing and Plotting of. Sco 
“ Surveying and Surveying Instruments,” 
§ ( 14 ). 

General. See ibid, § (11). 

Use of tapes in. Sec ibid, §(12). 

Traversing. See “ Surveying mul Surve^ying 
Instruments,” § (9) (ii.). 

Trial-frame : a frame used to mount lease's 
when testing a patient’s vision. 

“ Ophthalmic Oi)tioal Apparatus,” § (8) (iv.). 

Trianqxtlation, Method of. See “ Survey- 
ing and Surveying Instruments,” §§ (0) (i!), 
( 10 ). 

Trichromatic Theory ; a theory of colour 
vision. Sec “ Rye,” § (9). 

Triconometrical Methods applied to tho 
tracing of rays through a serit's of coaxial 
spherical refrac^ting sarfaces. Sec ” Optical 
Calculations,” § (1). 

Trombone : a brass wind-instrument, in 
which no restriction is plac(«l on th(‘ intona- 
tion possible, the m(‘chanism for the seah^ 
consisting of a U-slide, which may 1 h^ drawn 
out so os to flatten the ])iteli (‘ontimiously 
by any desired amount to six st^mitom^H. 
See “ Sound,” § (43). 

Trotter Illumination Photometer. Seo 
“ Photometry and Illuminalion,” § (58). 

Trotter Photometer. S(u> “ Pliotometry 
and Illumination,” § (28). 

Trumpet, Baoii : a brass wind-instniment 
with a tone of great nobility and brillhuK'r. 
See “ Sound,” § (41). 

Trumpets in Bb, F, eto. See " Sound,” § (42). 

Tubing: manufacture of Glass Tubing. Se<' 
“ Glass,” § (18) (ii.). 

\ A certain amount of dopolarisatlou tuk(‘H plare 
at the ground surface, hut for (pmUtatlvc oxumliiut Ion 
this is not appreciable. 

* Cf. Opt, Soc, Trans., 1917, xviU. 88. 
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TUNGSTEN ARC J-AMP 

THIS Xamp, which was developed by Giming- 
lifxiu e^nd Mullard/ forms a very couvoniont 
30111 * 0 ^ of radiation for many purposes. It 
ooxisis-ts essentially of an arc between 
■fcu.iiSS'ten electrodes, enclosed in a neutral 
sphere of nitrogen or argon, together 
an auxiliary gear f<n* striking the 
Its simj)lest form is illustrated in 
X. The ends of a tungsten filament BB 



aro ooiincctod through the push switch S 
an.<l “fclio rosistancio Rj to a voltage supply. 
A l> 0 ixcl of tungsten E, suj)p<)i’tc(l (HI a tungsten 
is also connected tlirough the additional 
roHisbiiiiaco R 2 to the j)<)Ritive ])olo of the supply. 
On prossing the swit(?h S the li lament BJJ is 
raised -fco incandescence an<l ionisc's the gas. 
When tiho H\vit(;h is released, ibis enables the 
art^ to strike betwe(*n E aiul It The arc is 
usual I run with E nt a i(*rjiporature of ilu* 
or<I<*r < >f 2(100" to IlOOO" abs., hut it may Ik* 
run tJl> to th<‘ m(‘lting [joint of tungHt.t*n or, 
by rc*‘< li K'ing tb<‘ prcHsun^ of tin* surrounding 
gliLM jlikI increasing the si/,(‘ of llic anocb*, at 
a clull i*<’(l b(‘at. In tin* lalt'st form <)f lamp, 
th<^ i<>iiiH(‘r lill consists of tungsten wire 
ptbi'lly (Straight ami partly winind into a shoit 
spiral- < hi tli(‘ straight, portion is thnsided a 
tul>e <*< >in[)(»scd of a. mixtun* of lungstim and 
(‘.OT'taiti refractory oxides, such as zirconia, 
yttihb, or thoria.. Th<* arc tirst strikes on 
tho iznL<*over<*d s|)iral of tungHimi wire and, 
wiitMi 1-he (‘ha^trodes warm uji, pasH(‘s on to 
tlics tixl>^dar portion which [ircHiMitH a Hhoi*t.(*r 
(hc'O Fitj. 1). Ah tin* tube of rcfra<’t.ory 
* Journ. iHHt, liU'H. Ftif/., ItUo, liv. 1,*). 


material is less liable to disintegration under 
the action of the aro than the tungsten wire, 
this device increases considerably the life of 
the lamp. Lamps of this type are made for 
candle-powers from 30 to 500 and for voltages 
of 100 and upwards. 

For higher candle-powers a modified form of 
lamp has been evolved with an additional 
electrode of tungsten which is in the form 
of a square plate. The lamp has an ioniser 
and a bead of tungsten which are arranged 
exactly as in BB and E of Fig. 1. The addi- 
tional plate of tungsten is fixed close to the 
bead and is connected to a double change- 
over switch, one position of which connects 
the volt supply to the ioniser and bead and 
the other position to the bead and plate. In 
the first position the polarity of the bead is 
positive and in the second negative. The 
arc is first struck between the ioniser and the 
bead by means of a press switch as desciibed 
above, the change-over switch being in the 
first position. When the bead has become 
incandescent, the switch is thrown to the 
second position which enables the arc to strike 
between the bead and the plate. By the use 
of substantial electrodes, candle-powers up to 
10,000 have been obtained, the size of anode 
for this value being 1 inch square. 

The characteristics of the tungsten aro 
lamp are illustrated in Fig. 2. The normal 
working efliciency is taken as 0*5 watt per 
candle-power, and the percentage of normal 
voltage and candle-power as well as the watts 
per candle-power are shown for the lamp 
when run at officioncios liighcr and lower than 
the normal. Curve A is similar to that of 



I’m. li. 

tlu^ ordinary (jarbon arc;, but exhibits loss 
inst-ahility. Tlu^ volt drop across the arc 
Ht(*adily <UH-.n^aH(^H with increase of current 
until Uui sputtering ])<)int is reached, when the' 
pn‘HHun^ Hudd(jnly falls. The efliciency steadily 
ristw witli incjnming eurnmt, reaching 0*3 
! watt })er candle-Iiower at the sputtering 
I [Joint. It sliould Iw montionod that the 
■ ligun^H for efliciency refer only to the energy 
, diHHi[)atiHl in the lamp itself and take no 
; a(u;ount of that dissipated in the necessary 
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ballast resistance. The intrinsic brilliancy at 
the normal working current is stated to be 
generally about 12,000 candle-power per 
square inch. 

The distribution of the energy radiated 
from the tungsten arc in the visible spectrum 
does not differ appreciably from that of the 


tungsten filament lamp at the same tempera- 
ture.^ 

The tungsten arc finds a number of 
useful applications where a source of light 
is required of small size and high intrinsic 
brilliancy. F. H. s. 

' See “ Incandescence Lamps,” § (8), Vol. II. 


U 


Ulbeioht Globe : a form of integrating 
photometer. See “ Photometry and Illu- 
mination,” § (47). 


ULTRAMICROSCOPE, THE, AND ITS 
APPLICATIONS 

§ (1) ThbUltramicb.osoope. — ^The term** ultra- 
microscope” is apt to be rather misleading, 
as it may convey the idea that it is the name 
of an instrument with which one is able to 
see greater detail in an object than with an 
ordinary microscope. This, however, is not 
the case ; the term should really be looked 
upon as applying to an instrument which 
reveals the presence of very minute particles 
of matter. The limit of resolution of a micro- 
scope — ^that is, the smallest distance between 
two points which can just be seen to be 
separated — ^has been theoretically deduced by 
Helmholtz, Abbe, and others,^ who have 
shown that it depends on diffraction pheno- 
mena. The value of this smallest distance e 
is given by 

X 

^”2a’ 


where X is the wave-length of the light em- 
ployed and a is the numerical aperture of 
the microscope. Now there are practical 
limits to the value of the numerical aperture, 
the maximum value obtainable with present- 
day objectives being about 1-63; it is not 
likely that this will be increased appreciably 
in the future. The other factor which deter- 
mines the limit of resolution is the wave- 
length of the light used. By employing ultra- 
violet radiations one can reduce the value 
of ei this has been done with success in 
processes of microphotography. One can see, 
however, that there are practical limits to 
the minuteness of detail that can be revealed 
by the microscope. On the other hand, there 
is theoretically no limit to the smallness of 
objects the presence of which can be revealed. 
If a sufficiently high intensity of illumination 
could be obtained, it should be possible to 
see a molecule, or rather to see the light 
scattered by a molecule, although it is quite 


■r Abbe, Roy. Mic. Soc, Joum., X881. p. 388 

Lord Rayleigh, PhU. Mag., 1896 (6), xlii. 167 
Roy. Mie. Soc, Joum., 1903, p. 447. 


impossible to differentiate molecules unless 
their separation is at least as groat as the 
limiting value of e. Faraday ^ was the first 
to look for an effect exerted on light by very 
fine metal particles suspended in liqTiid or 
solid media. Shortly afterwards Tyndall ® 
showed how such particles could be soon by 
causing a beam of light to pass through the 
solution, the particles scattering the light in 
all directions. No advance was made in the 
systematic investigation of very minute par- 
ticles until Zsigmondy turned his attention to 
the problem at the beginning of the pros<mt 
century. Together with Siodentopf, he im- 
proved the methods of observing such par- 
ticles; they invented what they termed an 
“ ultramicroscopo,” with which it is ])oKHil>lo 
to render individual particles visible.* All 
that Faraday had boon able to do was to 
reveal the presence of groups of partieloH. 
The important subject of colloidal choniiHtry, 
which deals with the study of colloidal par- 
ticles — that is, very minute material partic‘U*s 
in liquid or solid solution — ^lias been dovelop(«l 
largely as the result of Zsigmondy’s pioiU‘er 
work. 

Since the invention of the ultramioroH(‘opo 
by Zsigmondy and Siodentopf a numbtT of 
other forms of the instrument have Ikxui 
devised. The underlying principle of all 
types of ultramicroscope is the utilisation of 
dark -ground illumination. This method of 
illumination has long boon employed in ordinary 
microscopy in connection with the stu<ly df 
such objects as diatoms. It consists osmui- 
tially in illuminating an object in sucdi a way 
that only the light which is scattcnul <»r 
diffused by the object enters the microsc'ojHs 
no direct light from the beam being allowed to 
enter the observer’s eye. The different t.ypt^s 
of dark-ground illumination whit^h us(!d in 
ultramicroscopy may bo classed as follows : 

(i.) Orthogonal Illumination. — This is thc^ 
system utilised in the Zsigmondy and Sieden- 


Roy. Inst. Proc., 1 854-58, U. rno, 
m 401 1 512 ; Roy. Soc, 

PhU. Trans., 1867, p. 145. 

» J. T^dall, Phil. Mag., I860 (‘1), xxxvil. 884. 

T Zsigmondy, Zur Brkenntnis der KoUoide, 
Jena, 1905 ; Colloids and the Uttramieroscopc. trans. 

York. 1000; H. ShMlentonf. 
Phys. Zeits., 1005, vi. 855 ; 10(57, vlli. 85 ; Zeits. f. 
Mi^oskopw, 1007, xxlv. 13. See also “ Mlcroscoiw, 
, Optics of the.” * 
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topf ultramicroscope, which is sometimes 
known as the “ slit ultramicroscope.” The 
optical system of the instrument is shown 
diagrammatically in Fig. 1. A beam of light 
from the sun or an arc lamp is focussed by 
means of an objective Oj (focal length about 
10 mm.) on a fine adjustable horizontal slit 
S. A reduced image of the slit is formed at 
Fi by a second objective Og (focal length about 
80 mm,), A narrow conical beam of light is 
formed at F 2 by a microscope objective 

acting as a condenser. If now 
"HI a coSoidal solution, such as a 


objectives can be brought close enough together. 
The objectives have a focal length of 6 mm, 
and numerical aperture 1-05, the front lenses 
being constructed of fused quartz. The chief 
advantage of the new design is the greater 
obtainable intensity of the Effraction images, 
for the intensity under similar circumstances is 
proportional to the product of the numerical 
apertures of the illuminating and observing 
objectives. For the examination of colloidal 
solutions the instrument has the further 
advantage of requiring the use of only a 
single drop of the liquid. 



m^LJ m, p Oj 
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Fig. 1. 


solution of colloidal gold particles, or a 
piece of ruby glass, which contains colloidal 
gold in suspension, bo placed at Fg, the light 
scattered by the particles can be observed 
with a microscope Mg, whoso optical axis is 
at right angles to the axis of the illuminating 
beam. What one observes is not, of course, 
the individual particles, but the diffraction 
discs formed by the light scattered from them, 
the general background being dark. In order 
to screen off any liglit that may be rcfloctcHl 
from the edges of the slits an iris <lia])hragm I 
is placed Ixstwoen S and Og. If desired, a 
polarisor may be inserted be- 
tween S and 1. When an im- 
mersion objective is utKxl in the 
observing microscope M 2 , it is 
necessary to })lace a chisel- 
shaped (iiaphragm at ,1) so as to 
cut off one-half of the illuminat- 
ing beam and thus i>r(n'ent 
objectionable reflection from tlu^ 
mount of the front k^ns, dm^ to 
the clostuiess of th<^ obj(‘ctiv(^. 

In tlu^ slit idtramicroscopi^ 
manufactur<*d by Z(‘isH tlu^ optical parts of the 
illumitiating system, togidlu^r with th<» slit and 
diaphragms, an^ mounted on stands fitted to 
an o])ti(^al b<m(*h. 

An imi)rov(Hl form of tliis type of ultra- 
microscopc^ was introduced som<‘ y(^ars ago by 
Zsigmondy,^ who sugg<*Ht(Hl as its dc^signation 
the “ imm(*rsion ultramicros(^op(\” ^I’he salient 
feature of the new instrunuait is tlu^ (unploy- 
mont of an imnu^rsiou obj<‘etive at Mj in the 
illuminating systt^m as well as in tlu^ observing 
system. In order to make this fjoasible, por- 
tions of the front and meniwnis hmses and of 
the mounts of the two imnu^rsion ohjeetiv<w are 
ground away at an angle of 45'’, so that the 
‘ It. Zslgmomly, Phyi. Xcita.j 11)13, xlv. t)75. 


(ii.) Oblique Illumination — {a) N on ‘ axial 
Beam without Ceyitral Stop. — ^This method of 
illumination has been employed in different 
forms by microscopists for increasing the 
resolving power of an objective. It was first 
adapted for ultramicroscopic work by Cotton 
and Mouton ; ^ the arrangement they used is 
illustrated diagrammatically in Fig. 2. A 
drop of the solution under examination is 
placed under a cover-glass on a mioroscope 
slide S, ^hich is laid on a special block of glass 
(jI, optical contiiot botwoen S and G- being 
obtamod by inserting a thin layer of cedar 
oil. An oblique beam of light 
is rolloctod internally from the 
base of G and then totally re- 
flected at the cover -glass, so that 
no direct liglit enters the objoet- 
ivo of the observing microscope 
M. The beam of light is brought 
to a focus in the drop of the 
solution by moans of a condens- 
ing l(^ns L, so that any small 
})artich^fl in tlie solution which 
come into the pith of the beam 
ai^e strongly illumiiiaUxl and in consc^quonoo 
HcatUu’ liglit in all directions. Tims the 
partich'fl apiicar as bright specks on a 
dark background, as in the previous case. 
A Fresnel rliomb may Ihh usckI instt^ad of the 
block < i illustratcxl in th(^ diagram. 

(b) Axial Beam with (-entral Stop in Sub- 
Mage (kmdeimr. — This is another form of 
oblkiuo illumination which has the advantage 
ov(^^ the motliod (ii.) (a) of being more compact, 
the illuminating system forming a component 
part of the observing microscope. The 
princdjde of the method is illustrated in Fig. 3, 

* A. Clottnn and tl. Mouton, Lm Ultramicrosoopea et 
l^objeta ulinmicroacopiquca ; Omptaa Randua, 1903, 
cxxxvi. 1067 ; BuU. Soc. Pr. Phya., 1903, p, 64. 
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wMoh represents throe types of sub -stage 
condenser specially adapted for dark-groimd 
illumination. Fig. 3 (a) shows a ■vertical 
section of the Wenham paraboloid condenser 
as applied by Siedontopf.^ It consists essen- 
tially of a truncated paraboloid of glass G, 
with the top of which a imcroscope slide S 
makes optical contact, a drop of the solution 
to be examined being placed under a cover- 
glass C. A central stop A below the condenser 
serves to cut out the central portion of tlic 
illuminating beam which is reflected upwards 
from a plane microscope mirror. The rays 
which enter the paraboloid are internally 
reflected at its surface and brought to a focTis in 
the drop of solution, where they are totally 
reflected at almost grazing incidence. Only 
the light which is scattered by the particles in 
the solution can then enter the objective of 
the observing microscope. The paths of two 
rays X, Y of the illuminating beam are 


The Ignatowski condenser,’'^ wlikih reseiublos 
the cardioid system, is shown in Fig. 3 (r). It 
also consists of two glass portions (Jj, (ig 
cemonted together. In all theses forms of 
condenser the nnmori(;al a|KU‘t.ur(^ of the 
illuminating rays is of the order of 1-d to 1-4, 

(c) Axial Illumination with ('antral A7op 
behind Objective . — In this method the direct 
rays of the illuminating beam arc^ stopixul 
by a central dia])hragm at the bac-k of the 
microscope objective or by a stoj) formed by 
grinding flat iincl blackening a small (‘eni.nd 
portion of the curved sTirfaco of the front Uuis 
of the objective. The method has the advan- 
tage of being fi-oo from cumU^ring trotibh^s, but 
it suffers from the fact that th(^ (^(^ntral stoj) 
alters the brightness <listril)ution in the 
dilfniction fringes. 

§ (2) Physical AmjCATioNS of tiik Ultra- 
MTCROSOorE. — Although the chief applications 
of ultramicroscopy have benm in the r(‘.almH of 



PlO. 3. 


illustrated in the diagram, the directions being 
shown by moans of arrow-heads. 

A similar typo of illuminating system is 
obtained with the cardioid condenser which 
Siedentopf ^ applied to the so-called “ cardioid 
ultramioroscope.” It depends on the prineiplo 
that the image formation obtained by (com- 
bining a spherical reflecting surfac^o with a 
cardioid surface is aplanatio — that is, spherical 
aberration is eliminated, as is the case with the 
parabc)loid condenser, and in addition the sine 
condition is fulfilled. Approximate aplanatism 
is attained if the cardioid surface bo rt^placod 
by a spherical surface. The cardioid con- 
denser is illustrated diagrammatically in Fig. 
3 (6) ; it consists essentially of two glass por- 
tions Gi, Ga cemented together, the surface 
of separation a being spherical. The rays of 
the illuminating beam are reflected outward 
at the spherical surface 6, and then inwards at 
the spherical surface c, coming to a focus at 
the object as in the previous case. An annular 
diaphmgm is provided at B in addition to the 
one at A. 

^^j^EL^Siedontopf, Zeiis. f. wm. Miktoskopiei 1907, 

* H. Siedentopf, Ber. d. D. Phys. Qes., 1910, xil. 6. 


colloidal chemistry, there an^ a iuuuIkt of 
importiint ])}iy8mal probhmis which have lK*cn 
developed as the result of ultramicroBcopicnl 
ros(^ar(‘.h. Eor oxamplts th(s sludy of th<' K<t- 
callod Brownhin movomont lum ooi\flrmcd t he 
fundamentiil hypothcs(^8 of kimdic ihcory 
of lupiids and gases, and conlrilaiU'd t'vidcnco 
of the oxistenco of the molccuU*. TJu* t<Tin 
Brownian movement '* derives its nanu' 
from the work of the botanist Brown, wJw» 
observed that small particU'S of solid mattc'r, 
when sus])ended in liejuid soluthm, exhibit 
rapid to - and - fro motions.^ The eomphde 
investigation and explanation of this inovi'- 
ment has been almost entindy due to Ihc^ wt^rk 
that has been made posHible l)y the invi'ution 
of the ultramicroscopo. Wlmn a c<»lloidul 
solution, of gold for oxamplt^ is examim^l hy 
moans of an ultramicros<iojH% tlu' i)articles ar<> 
soon to move about in all dir(‘('tion«, the 
motion of the bright sjxjcks of light exhibiting 
a beautiful scintillating ofTc^et, It in imjKJHsildt^ 
in the scope of this article to dimmsa all 
details and oonsoquoncos of the theorit‘H that 


* li. Brown, PhU. Mag., 1828, Iv, ICl. 
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have been put forward to explain the Brownian 
movement, but it may be stated that it has 
practically been proved, both theoretically 
and by observation, that it is mainly, if not 
entirely, due to the collisions with the mole- 
cules of the medium in which the particles 
are suspended. 


Smoluohowski,^ basing his calculations on the 
kinetic theory, and making use of Stokes’ law, 
worked out theoretically that the mean distance D*, 
traversed in time i by a small sphere of radius a, 
moving in a liquid whose coefficient of viscosity is 
% is given by 

j) _ g g K < 


■ N ' Zirria 


where c=mean velocity of the molecules of the 
medium, 

ma=mass of each molecule of the medium, 
R=gas constant, 

T= absolute temperature, 

N= number of molecules in one gram- 
molecular weight of any substance. 


Einstein,® by applying the laws of osmotic pressure 
to the motion of small particles in a liquid medium, 
developed the formula 




R T. < 
N ‘ STTTya 


which differs from Smoluchowski’s formula in not 
having the factor 32/27. 

Langevin,® from a consideration of the equation 
of motion of a particle moving under the action of 
a force due to molecular shocks, obtained the same 
result as Einstein. 

The results of the ultramioroscopic measurement 
of Dx hy difforent observers, for a large variety of 
particles of different sizes, have been shown to agree 
very closely with the values obtained from the 
formulae thus developed. Furthermore, observa- 
tions by Perrin * on the time of rotation of compara- 
tively largo grains of mastic have been found to fit 
in with the formula, developed by Einstein, for the 
mean square of the angle of rotation d, in time f, 
namely, 

N 47r7ya® 

Perrin ® also made observations on the relative 
distribution of colloidal i)artioleB of gamboge and 
mastic at different heights in vortical columns of 
their solutions, the n^sults again agreeing with the 
theor(‘tical values obtained from the kinetic theory. 
The remarkable agreement that has been found bo- 
twoo'n observation and theory may bo looked upon 
as a j)roof of the rc‘ality of t.he molecular and kinetic 
hypotheses. 

A numl)or of interesting experiments have 
been made in connection with the motion of 


* M. Smoluohowski, JSuU. InUm. Acad. d. Sci. 
Cracoolo, 1006, vii. 677 ; Ann, d. Physik, 1906 (4), xxi. 
766. 

■ A. Einstein, Ann. d. PhyttiJe, 1905, xvii. 649 ; 
1906, xix. 371. 

” I*. Langovin, Comptes lienduft, 1908, exlvi. 530. 

* J. Perrin, Comptes limdv^s, 1009, cxlix. 549. 

» Ibid., 1908, cxlvii. 630, 694 ; ieUs. f. EkHro- 
cTimio, 1909, xv. 269. 


tiltramicrosoopio particles (smoke, silver, gold, 
mercury, etc.) in gases.® Such particles have 
been found to be electrically charged, and by 
measuring the rates with which they fall in 
the field of gravity and in an electrical field 
of known intensity it has been possible to 
determine the charges carried by the particles. 
It has been found that the charge on each 
particle is the elementary electrical charge 
(that is, the charge of an electron) or a multiple 
of this quantity, the values obtained agreeing 
very closely with those derived from radio- 
active and electronic measurements. 

Another important application of the ultra- 
microscope to physical problems is the study 
of the optical effects exhibited by colloidal 
solutions. The late Lord Rayleigh ’ has shown 
theoretically that the intensity I of the light 
scattered by particles, whose size is small in 
comparison with the wave-length of the light 
employed, is given by 


I°=Io— gj— (1 + 008 ® P)-~, 


„m7rT® 


where ly = intensity of incident light, 

D'=optioal density of particles (pro- 
portional to square of refractive 
index), 

D = optical density of medium, 
m = number of particles per unit volume, 
T = volume of a particle, 

\ = wave-length of scattered light, 
j8 = angle between line of sight and 
direction of incident light. 

It follows that for a given distribution of 
small particles the percentage of violet light 
scattered is very much greater than that of 
rod light. 

The ultramioroscopic examination of the 
light scattered by the particles in colloidal 
solutions has confirmed the validity of Ray- 
leigh’s law. The scattered light is, in general, 
partially polarised, and often completely 
polarised in a certain plane. The whole 
problem is a very complex one and has engaged 
the attention of a largo number of workers. 
One of the most Important contributions to the 
subject is that of Garnett,® who investigated, 
both theoretically and experimentally, the 
absorption of various colloidal solutions, metal 
glasses, and metallic films, his mathematical 
treatment being based on the eloctromagnetio 
theory. His experimental results were found 
to bo in good agreement with theory. The 

• Cf. M. do Broglie, Oomptes Rendus, 1 908, exlvi. 
624,1010; 1909. cxlvili. 1163, 1316 ; F. Ehronhaft, 
Wim. Sitzber. Natur-Wmen., 1907, exvi. 1139; 
Phys. Zeitff,. 1914, xv. 962 : 1916, xvi. 227 ; R. A. 
Millikan, PhU. Mag., 1910 (0), xix. 209; Phys. Rev., 
1911, xxxii. 350; 1913, ii. 2nd 8er. 100; Phys. 
Zeits., 1913, xiv. 706. 

’ Lord llayloigh, PhU. Mag-, 1871 (4), xli. 107, 
447 ; 1899 (5), xlvii. 376. 

® J. C. M. (larnetts Hoy. Soe, PhU, Trcm. (A), 1904, 
ccili. 385 ; 1906, cev, 237. 
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problem of tbe scattering of light by small 
particles is very important in connection -with 
the theory of the colour of the sky. 

From the above brief sketch of some of the 
problems involved in the examination of 
ultramicroscopical solutions it may be seen 
that the invention of the ultramicroscope has 
opened up a wide field of physical research 
which has abeady yielded important results 
in connection with molecular phenomena. 

j. s. A. 


Uniaxial Crystal: a crystal having one 
optic axis. See “ Polarised Light and its 
Applications,” §§ (6), (6), and (18). 

Unit Points and Planes of a Lens. See 
“ Objectives, Testing of Compound,” § (1) ; 
also “ Lens Systems, Aberrations of.” 

Uranium X : the first product of the radio- 
active disintegration of uranium, discovery 
and properties of. See “ Radioactivity,” 
§( 2 ). 


V 


Valves of Brass Wind-instruments, 
Faulty Intonation of Ordinary. See 
“ Sound,” § (39). 

Valves on Cornet, tabulated. See “ Sound,” 
§ (39), Table IX. 

Variable Power Eyepieces. See “ Eye- 
pieces,” § (9). 

Vector Method of deducing Properties 
OF Diffraction Spectra. See Diffrac- 
tion Gratings, Theory,” § (5). 

Vernier. See “ Divided Circles,” § (11). 

Vernon -Harcourt Pentane Lamp : a flame 
standard of light of 10 candle-power. See 
“ Photometry and Illumination,” § (6). 


VIBRATIONS OF AIR IN A TUBE 

In Acoustics and some other problems it is 
necessary to investigate the small vibrations 
of a compressible fluid such as air in a cylin- 
drical tube. We assume that the motion of 
each, particle is parallel to the axis of the 
tube, so that particles which were originally 
in a plane at right angles to the axis remain 
always in such a plane. 

Let ^ be the displacement at time t of the 
particles originally in a plane at a distance x 
from the origin. Let Pq, be the undisturbed 
pressure and density of the air, p, p the values 
of these quantities at time t. The matter 
which was originally between two planes at 
distances x and dx from the origin lies at 
time t between planes at distances and 
x + ^ + {\ + A^jdx)dx, Its density was p^y it is 
now p ; hence if A be the area of the cross- 
section of the tube, 

A/Jod®= Ap(l +^)^. 

The force acting on this matter on the face 
near the origin is Ap, while on the opposite 


face it is - A {p -1- (dpldx)dx } . Thus the equa- 
tion of motion is 


or 


Ap,dxp, = -A^dx 


(2) 


To complete the solution we need to know the 
relation between p and p. 

If the temperature is constant, we have 



. ( 3 ) 


If, as is the case with sound waves, the com- 
pressions and rarefactions of the air take place 
so rapidly that there is no loss or gain of heat, 
we have ^ 


p = kpy=Po(£f- ■ ■ ■ ( 4 ) 


Combining (1) and (4) then wo get 

p= . . . (6) 

{l+{dildx)\y ' ’ 

and yPo ^ 

Thus the equation of motion is 

^°dt> {l+(df/(te)))' + l 

and remembering that we are dealing only 
with small motions wo may neglect d^/dx 
in the denominator and obtain 


dt^ Pq dx^' 


Had we assumed isothermal conditions we 
should clearly have found 

dt^ Pq dx^' 


( 8 ) 


These can be put into a slightly different 
form thus: The elasticity E of a gas is 


^ See article “ Thermodynamics,” § (15), Vol. I. 
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measured by the ratio of the small change 
of pressure required to produce a change of 
volume to the change per unit volume ; thus 
if - dv is the decrement of a volume v produced 
by an increment of pressure dp, 


E = 



. (9) 


Let M be the mass, p the density of the 
volume V, Vq and Pq being initial values. 

Then vp='M.=VqPq 


or 




VqPo . 
P ’ 


hence dv = - ^~^dp 

and 

p dv ^dp 
—pkypy~^ 


= ky.py=ri). 


since 


p = hpy. 


Or, denoting by E,, the elasticity in the un- 
disturbed state, we have 


hence 


^5o=7i?o; • • . 

dt^ Xp^/dx^' 


If wo put c® = Eo/po, takes the form 


( 10 ) 


dt^^^ dx^ 


( 11 ) 


and is the same equation as is discussed in 
the article “ Strings, Vibration of.” The 
general solution is 


^=/(ci-a;)-|-F(c^ + a;), . . (12) 


as can readily be verified, and represents, as 
there shown, waves ti’avelling in the positive 
and negative directions with the velocity c or 
i.e. the Mt|uaro root of the ratio of 
the elasticity to the density. 

Tlio statcinoiit in this form can bo extended 
to other case's of sound motion, the term 
elasticity being defined with regard to the 
circumstance's of each case.^ 


VIBRATIONS OV A ROD 

Imaoink a straight rod of uniform section A 
in a state of motion in which every ])art is 
moving parallel to the axis so that all points 
in any plaiun at riglit anglers to the axis always 
remain in such a ])lane. Lot f be the displacio- 
mont at time t of a plane initially at a distance 

^ jirtbh'H “ Vibrations of a Uod " and “ Sotiutl ” 

§ (la). 


X from one end of the rod, and consider the 
motion of the particles in the section between 
this plane and one initially at a distance 
x + dx; they will at time L lie between the 
planes x + ^ and rr -l- 1 4- (1 + {d^ldx))dx. 

The extension or “ stretch ” of the short 
length dx is d^/dx, and if q represents Young’s 
modulus for the rod (see article “ Elasticity,” 
§ (4), Vol. I.), the force on the face of the section 
nearest the origin is - qA{d^ldx), that on the 
opposite face is qA{d^ldx) -H {dldx){qA{d^ldx))dx, 
Thus the resultant force on the section is 


Hence, if p be the density, the equation of 
motion of the section is 


or 


dt^ p dx^' 


( 1 ) 


If we put qlp=c^, this, it can be shown, is 
satisfied by 

^=f{ct-x)+¥{ct-\-x), . . (2) 

and represents ^ wave motion travelUng with 
velocity c. The value of c is N^g/p, or, as 
in other oases, the speed of the waves is 
determined by the square root of the ratio of 
the elasticity to the density, the elasticity in 
this case being measured by Young’s modulus.® 


ViBEORDT Spbotrophotometer. See “ Spec- 
trophotometry,” § (12). 

VioLTN Family of Stringed Instruments. 
See “ Sound,” § (30). 

ViOLLE Standard : an incandescence stan- 
dard of light. See “ Photometry and 
Illumination,” S (9). 

Viscosity ok (.3 lass. See “ ObiSH,” § (33). 

Visibility. See “ Eye,” § (0). 

Visual Metiioos of Observation, used in 
mieroHCojiy with ultra-violet light, of 
animal tissues and other substances which 
fluoresce. See “ Microscoiiy with Ultra- 
violet Light,” § (7). 

Vitreous Humour: one of the fluids con- 
tained in the eyeball. See “ Eye,” § (2), 

Voice, Human. See “ Sound,” § (45). 
Companul with other musical instruments. 
See ibid. § (4(1). 

“ Hoe article '* Htrlngs, Vlbrationfl of.” 

® Hoc articles “Hound” §(Lli), and “Vibrations 
of .4.ir in a Tube.” 
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Watoh-pookbt Sphbrometbr. See “ Spliero- 
metry,” § (6). 

Water, Action- on- Glass. See “ Glass, 
Chemical Decomposition of,” § (1). 

Wave Form- oe Potential Exciting X-rays. 
See “ Radiology,” § (26). 

Wave-length, Variations of, due to — (1) 
the pressure of gas in the luminous source ; 
(2) the pole e&ct; (3) the presence of 
isotopes ; (4) the presence of a strong electric 
field. See “ Spectroscopy, Modem,” § (8). 

Wave-length and Refractive Index. See 
“ Optical Glass,” § (3). 


WAVE-LENGTHS, THE MEASURE- 

ment of 

§ (1) Introduction. — The phenomena of 
coloured rings, commonly ImoAvn as “ Ne-wton’s 
Rings,” were described in his Optichs, published 
in 1704, but were not explained on the basis of 
the undulatory theory of light until 1802, when 
Thomas Young (1) put forth the theory of 
interference of light waves, and was thereby led 
to make the first determinations of wave- 
lengths of light corresponding to the different 
colours. Measurements of wave-lengths corre- 
sponding to narrow spectral lines were not made 
imtil somewhat later, after the discovery of 
the dark lines in the solar spectrum. Newton 
showed by means of a glass prism that sun- 
light was made up of various colours, and to 
all observers the solar spectrum appeared to 
be a continuous graduation of colours until 
Wollaston (2) in 1802 observed distinct dark 
lines, which he regarded as boundaries to 
intervals of colour. Wollaston’s discovery was 
forgotten until 1814, when Fraunhofer (3) re- 
peated it and recognised that the dark lines 
represented definite wave-lengths in the solar 
spectram. In his investigations, Fraunhofer 
mapped about 700 of these lines, assigning 
letters of the alphabet to the most prominent 
ones, beginning with A in the red and ending 
with H in the violet. These lines, still called 
the Fraunhofer lines, are familiar to every one 
who has any knowledge whatever of spectro- 
scopy. Investigation into the possibilities of 
measuring the actual lengths of light waves 
led Fraunhofer to develop the theory of inter- 
ference of light and invent the first diffraction 
gratings, with which he made wave-length 
measurements of considerable accuracy. His 
method (4) for measuring the wave-lengths of 
light by means of a grating is indeed the same 
as that of the present day. It is based upon 
the interference of rays which are diffracted 


upon passing through a set of equal and equi- 
distant apertures or slits constituting the 
grating. 

It was not until 1859 that the physical 
significance of the Fraunhofer lines became 
known. Kirchhoff and Bunsen then explained 
that “the dark lines of the solar spectrum, 
which are not caused by the terrestrial atmo- 
sphere, arise from the presence in the glowing 
solar atmosphere of those substances which 
in a flame produce bright lines in the same 
position.” Inasmuch as these two scientists 
proved the existence of many terrestrial 
elements in the sun, it was a natural conse- 
quence that the solar spectrum itself should 
become the, standard of reference for wave- 
lengths of light. 

With the aid of gratings ruled on glass. 
Angstrom made, as accurately as possible, a 
map of the Normal Solar Speotnim, which he 
published in 1868. The wave-length measure- 
ments covered the visible spectrum between 
the Fraunhofer lines A and H, and were 
expressed in ten-millionths of a millimetre to 
2 decimal places. This unit of length, 1 x 10"^® 
metre, sometimes called the “ tenth metre,” 
but more commonly known as the “ Angstrom 
Unit” (symbolised simply by A), is now 
almost universally used in measurements of 
wave-lengths of light. 

Angstrom’s map was superseded by Row- 
land’s Normal Map of the Solar Spectrum, 
published in 1 888. and based upon his invention 
of the concave grating. This photographic 
map was about 20 metres long, the maximum 
error in any part of the scale of wave-lengths 
being estimated as less than 0-01 A. Row- 
land’s Preliminary Table of Solar Spectrum 
Wave-lengths, representing over 20,000 liucH, 
was based upon determinations of the absolute 
wave-length of one of the D lines of sodium. 
The wave-lengths were given to 3 decimals in 
A, Rowland believing that the absolute values 
were correct to 1 part in 100,000, and that 
the errors in relative value wore not greater 
than a millionth. For a period of twenty 
years practically all spectroscopic measun^ 
ments were based on those values, and oven 
at the present time they are widely used. 

§ (2) Theory and Use of Diffraction 
Gratings in Wave-length Measurements. 
— The simple theory ^ of the piano diffraction 
grating gives the wave-length of light as a 
function of the grating space and of the angles 
of incidence and diffraction (or reflection) of 
the light rays. Fig. 1 represents the cross- 
section of an element of a transmission grating 

^ See Diffraction Gratings, Theory of ** ; also 
“ Diffraction Gratings, Manufacture and Testing of.'^ 
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in which AB' is to be regarded as the grating 
space h. If light from an illuminated slit S 
falls as a parallel beam on the grating at an 
angle of incidence i with the normal, a large 
portion passes directly through the grating 
apertures, but a part of it is diffracted in the 
direction AO, making the angle d with the 
normal. By drawing the perpendiculars BB' 
and OB', it is seen that the difference in path 
travelled by corresponding rays from adjacent 
apertures, or the retardation as it is called, is 
given by the sum of the lengths BA and AO, 
and therefore when this path difference is 
equal to some integral number of whole wave- 
lengths n\ bright images of S in colour 



telescope, there are five different methods of 
making wave-length measurements with plane 
gratings. To sketch these the wave-length 
equation or grating law may be written 

n\=h {sin i + sin (5 - i)} , 


in which S is the angle of deviation or 
5— (1) The plane of the grating is 
placed perpendicular to the collimator, so that 
i =0 and n\=^b sin 5. This method was used 
by Fraunhofer with the first diffraction 
gratings for the first absolute measurements 
on wave-lengths of light. (2) The grating is 
normal to the telescope, so that 6^0 and 
wX sin d as before. (3) Both i and 6 are 
given values, so that wX=6(sin t-f-sin 6). 
This was the method adopted by Angstrom. 
(4) The deviation 5 is a minimum. Writing 
the above equation in the form 


n\ — 2b sin 


(i + O) (i-O) 


it is seen that or>s (i ~ 0)/2 is a maximum 
when i=0, which is the cjondition for minimum 


corro.sponding to X are produced when the 
diffracted rays are l)rought to a focus. This 
condition is easily soon to bo given by 
BA+ AC«;iX-f^(Hini-f'8iiU^J, in which n re- 
presents the order number of the si)octrum. 

Roflcc.tion gratings have been more sxiccoss- 
fully made than transmission gratings, and 
have, tlierefons he(‘n more (‘xtensivcly used 
fi)r wavo-kmgth imuisurenuints, but the law 
of the gratings ruU^d on polislied j)lane metal 
surfaces is <iuitc similar to that of gratings 
ruled on glass. A beam of light falls on the 
grating G, Fig, 2, making an angle of iacideuco 
i with Iho normal, ami part of the light is 
diffrac.ted at an angh^ 0. The perpendiculars 
BB' and ViY arc drawn to show that B'O and 
JJ(J' are the retardations. In this cas<» the 
total retardation is soeti to be dtdenniiuHl 
by BTJ - BO' -/;(sin i - sirU^). Wherever this 
c(pials OIK* or more whole wave-lengths, wX, a 
bright imago is s(‘<‘n in oolour corrospomling 
to X, and wo. bav(* tlu* law of the grating 

n\ h{Hm i - sin/b,)- 

If tin* (liiTraofod rays an* (*n tla* samo sidi* of 
th(' normal as the* iiu’idi'nt rays, fbon flu* two 
r(*tardations an* a(I(b‘<l, so that flu* goiu*ral 
(Mpiation for all tlu* si)(*<*lra must lx* writt<*ii 



from 

?iX 2h sin 

(o) 'rh<* t(*h*scop(‘ and collimator are clampwl 
at an angl<‘ a, and the grating rotat<ed through 
t he nu'UHured angle whence* it can bo shown 
timt 

n\ - - 2^ sin (i cos 


t,\ I 1 utn In this case observations are made by adjusting 

! tb(» r<‘quircd spc'clral liru^ iqum tlu^ cross*wiro 
tlu* posit iv(* or ncgativ<* sign lx‘ing us(*(l when in tlu* <‘yc*pi<*(*(‘, and then rotating the grating 
th(^ incident ami diffra«*tc<l rays arc on ; until th<* rcflc(*t<xl image is brotight upon the 
the sam<' or opposite sides of the normal , entsH-wire. 

r(*spo<rtiv<*ly. 1 All of these methods require the measure- 

I)(‘p(‘nding on tlK^ [josition of the grating in ‘ ment of the grating Hpae<? h; (1), (2), and (4) 
r(‘lation to the {xdlimating an<l observing i req\iiroi the measurement of one angle ; while 
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(8) and (6) reqtiire the measurement of two 
angles. 

Bell (6), whose determinations of the wave- 
length corresponding to Ui received greatest 
weight in establismng Rowland’s standards, 
used the second method with two glass trans- 
mission gratings and the fifth with two reflec- 
tion gratings ruled on speculum metal. 

AU plane gratings require the use of lenses 
to focus the iffracted waves. These introduce 
chromatic difficulties in focussing, and further 
limitations due to absorption, so Rowland, 
in 1881, invented gratings ruled on spherical 
mirrors, so that the concave grating should 
focus spectra without the use of a lens. The 
most important characteristic of the concave 
grating is the simplicity with which it can be 
focussed. If the sht of the spectroscope and 
the grating be placed on the circumference of 
a circle ^ whose diameter equals the radius of 
curvature of the grating, the spectra are all 
in foous on this circle, illustrated by Fig. 3, 



DE being the diameter of the circle and equal 
to the radius of curvature of the concave 
grating. If the slit be placed on the circum- 
ference of this circle, €.g. at A, the spectra are 
all in focus on the circumference, as at E. 

With both plane and concave gratings there 
is great advantage obtained by forming the 
spectra on the normal to the reflecting surface, 
for this gives the so-called normal spectrum, 
that is, distances measured either way from 
the grating normal are proportional to the 
change in wave-length observed. Rowland 
devised a mounting for his concave grating 
which automatically kept the observing 
apparatus (eyepiece or camera) on the normal 
to the grating surface. The grating and 
camera, Fig. 3, are mounted on carriages 
rigidly separated by the beam DE, whose 
ends are constrained to move along the rails 
AB and AC. These rails are adjusted at right 
angles to each other, and have the slit at their 
intersection A. Every circle having the 
shifting beam DE as a diameter must pass 
through A, and if the grating is fixed normal 
to DE, its centre of curvature comcides exactly 

^ See " Diffraction Gratings, Theory of,** § (11), 
Vol. IV. 


with E, giving a normal spectrum at that 
point. 

Rowland’s method of determining relative 
wave-lengths is based on a simple feature of 
f.hig grating mounting in that the w'ave-lcngth 
equation is reduced to n\^h sin i, when ob- 
servations are made near the perpendicular 
to the grating. Then for a given angle i and 
different spectral orders, 1, 2, 3, etc., 

Xi=6 sin % in the spectrum of the first order, 
2X2= 6 sin i in the spectrum of the second order, 
3X3=6 sm i in the spectrum of the third order, 
etc., 

where Xi, Xa, X3, etc., are the wave-lengths in 
the 1st, 2nd, 3rd, etc., orders. It follows 
that Xi =2X3 = 3X3, etc., which moans that 
various orders of spectra are superposed, and 
the wave-lengths of each are inversely proi>or- 
tional to the order number of the spectrum. 
For example, a wave-length of 0000 A in the 
first order spectrum will have superposed on 
it 3000 A in the second order and 2000 A in 
the third order. By measuring the lines in 
various orders nearly superposed on the sodium 
line (Di =5896*150 A), Rowland first compared 
14 solar wave-lengths with this standard as 
accurately as possible, and in a similar way 
obtained from these the wave-lengths of prin- 
cipal lines throughout the solar spectrum (0). 

Another type of concave grating mounting 
which has been adopted by many laboratories 
is due to Range and Paschen (7). This uses 
a lens or concave mirror to illuminate the 
gratmg with parallel light from the slit., and 
reduces the dispersion or scale of spe(d.rnm 
to about half that in the Rowland mount ing, 
with the result that the intensity of the 
spectrum is theoretically quadru[)led. The 
astigmatism in spectra given by the Rowland 
mounting is practically eliminated by mounting 
the grating in parallel light. These sfigmatic 
slit images permit (1) the use of diaphragms 
in front of the slit to photogra])h dilh^n^nt 
spehtra in juxtaposition ; (2) the ])rojeotion of 
different parts of sources, of interferometer 
fringes, etc., on the slit for spectral analysis. 

The complete theory of diffrat^tion gratings, 
both plane and concave, together with de- 
tailed directions on mounting, adjusting, and 
using gratings for wave-length measun‘m(‘nts, 
may he found in vol. i. Hmidimch drr Spertro- 
scopie, by H. Kayser, or in hy 

E. C. C. Baly. Limitations of space will not 
permit more on this subject here, (sx('<‘pt 
to call attention to a recent eontrov(‘rsy on 
the validity of the fundamental law of the 
grating, and questioning the use of gratings 
for accurate measurements of wave-h'itglhs. 
When in 1901 Rowland’s standards wt^re 
found to contain relative errors of nearly 
1 part in 100,000, these errors w('re utt-ri))ut(‘d 
to the erratic behaviour of diffraction gratings. 
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Kayser (8), in 1904-, made some experiments 
which led him to the conclusion that the 
coincidence between orders of spectra is not 
to be depended upon. It has since been 
shown (9), however, that tlie fundamental law 
of dilfraction gratings is true, so that the 
en’ors in Rowland’s values as well as the 
experience of Kayser rei^uire other explana- 
tions. According to .Jewell (10), the relative 
errors in Rowland’s 1’ablo are due to disturbed 
apparatus and failure to recognise that 
corrections were necessary for the Doppler- 
Fizeau oifc<.*.t or for air-pressures and tem- 
peratures, while (h)os (11) has shown that the 
discrepancies observed by Kayser may be 
explained by slight defects in the adjustment 
of the grating and perhaps to inattention to 
constant conditions in operating the sources of 
light. If accurate moasuroments of wave- 
lengths are to bo made with gratings, stability 
of mounting and correctness in adjustment 
must bo insured and temperature fluctuations 
guarded against, ^’ho change in the refrac- 
tive index and dispersion of air (12) will cause 
overlapping spectrum orders observed as co- 
incidences at one temperature to be shifted 
at other temperatures. 

Another matter which deserves attention 
in connection with the use of gratings for 
wave-length observations is the presence of 
spurious linos or “ghosts,” due to periodic 
errors in the ruling. Those false lines are 
present in all grating spectra, and cannot bo 
distinguished from real lines except by testing 
their relationship to parent linos by means of 
numerical ratios. Two general ty])cs of such 
spurious lines are known ; (1) Ghosts located 
near the Hpoctral line, and symmetrically 
placed on both sides of it; and (2) spurious 
lines, whoso positions in the spectrum are far 
removed from the parent lino. 

False lines of the first typo, gcncitilly known 
as the Jtowland ghosts, arise from errors of 
ruling re])oat(‘.d with siKiCu^ssivc revolutions 
of the screw. Kor example, Rowland gratings 
rul(‘d 20,000 lines p<‘.r inch with a screw of 
1/20 inel) pitch hav('i an interval of 1000 
lines in which (‘rrors r(‘c.ur. The position of 
th(w> ghosts with ?'(‘spe<d. to parent lines is 
that of additional sp(*ctra from a grating 
having 1000 linn^s tin* grating si)aee ; their 
appanmt wav(‘-h*ngt.hs dilTer from that of the 
parent line by ///1 000 tinn^s the wave-length 
of tin* corr(‘sponding liin^ if v repn'sents the 
ord(‘r of tln^ false* sp(*<d.rum. Anderson ruled 
gratings with 7.^0 line's p<*r revolution of a 
screnv liaving 1/20 in(*h pitch, thus making 
15, (KM) lines per inch, while the use of every 
otln*r or ev(^ry third tooth of the wheel 
produ<*e(l gratings of 7500 and 5000 linos per 
intdi. Th(‘se gratings giv(^ ghosts at distances 
n\/750, 7i\/;j75, and «A/250 r(*Bi)c<stively, from 
the parent lino of wave-length X. 


Except in complicated spectra, the Rowland 
ghosts are usually easy to detect on aceoimt 
of their symmetry and proximity to the real 
lines, but it is much more difficult to eliminate 
spurious lines of the second type. Lyman (13) 
found spurious doublets occurring at positions 
corresponding roughly to X/3 and 2\/3 in 
spectra produced by Rowland gratings having 
14,438 lines per inch. An Anderson grating 
with 7500 lines per inch has been found at the 
Bureau of Standards to give false reproductions 
of a given line of wave-length X in positions 
near 2X/5, 3X/5, 4X/5, 6X/5, 7X/6, 8X/5, and 
9X/5. Similar false spectra have been detected 
in the 6000 lines per inch gratings ruled by 
using every third tooth in the wheel. Although 
these secondary lines are usually of relatively 
low intensity, they may, nevertheless, be very 
troublesome and embarrassing when recorded 
by the long exposures necessary to photograph 
the infra-red and extreme ultra-violet spectra. 

§ (3) Staitdard Wave-lengths by Inter- 
EEROMETBR METHODS. — Au extraordinary 
degree of accuracy in wave-length measure- 
ments was made possible with the invention 
of the interferometer apparatus, in which a 
beam of light coming from a single source is 
first separated into two portions which are 
retarded relative to each other by passing 
over unequal optical paths, and then reunited, 
producing interference fringes. The inter- 
ferometer method of wave-length measurement 
has several advantages over the grating 
method : the distance between two parallel 
interferometer plates is easily and accurately 
determined ; it eliminates the precise measure- 
ment of angles ; it permits the production 
of various lengths which are exact multiples 
of some unit ; and less labour is required to 
make accurate comparisons of wave-lengths. 

The first absolute measurement^ of a light 
wave by the interferometer method was made 
in 1893 by Michelson (14), who determined 
the number of waves of throe radiations from 
cadmium vapour which wore equal in length 



Fig. 4. 


to the standard metre. Nino intermediate 
standards, the lengths of which wore repre- 
sented by the distances between the planes 
(»f two mirrom M^ and Mg, Fig. 4, were 
constructed. The lengths of these inter- 
modiate standards were 10 cm., 10x2“i cm., 
10x2-* cm. ... the smallest being 10x2-* 

‘ See also “ Line Standards/' § (7), Vol. 11. 
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cm., or about 0*39 millimetre. The optical 
system and two of the standards A and B 
are shown in the diagram, Fig. 5, in which C 
is the mirror of reference. An observer at O 



sees by reflection at the half-silvered surface E, 
the image of 0, superposed on the four 
mirrors on A and B, two of which lie side by 
side below, and another pair above. B and 0 
are mounted on carriages which can be moved 
back or forth by means of parallel screws. 
The length of the shortest standard was first 
determined in terms of the wave-length of 
cadmium red light. The front surface of B 
was adjusted to the same optical distance as 
C, and the reference plane 0 was then slowly 


S 

•X- 




.H- 




M 


light as a source and turning the mirrors 
slightly about a vertical axis gave vertical 
fringes, and the dark central fringe which marks 
zero difference of path appeared on adjacent 
edges of the front mirror of A and B. Then 
0 was moved back until the dark fringes were 
seen in the upper mirror of B. Now when 0 
was moved back through its own length the 
dark fringes again appeared in the low'er 
mirror of B, and moving C back a distance 
equal to the length of B brought the fringes 
once more into view on the upper mirror of B. 
If A was exactly twice the length of B, fringes 
were also seen in the upper mirror on A. 
If A was not exactly twice B the central fringe 
was displaced, and the difference, in wave- 
lengths, between A and 2B was easily obtained 
from a slight tilt of the compensator D. In 
this way the lengths of successively larger 
intermediate standards were obtained in terms 
of wave-lengths of light. Finally the 10 cm. 
standard was compared with the metro by 
moving it through its own length 10 times. 
Michelson found at 15® C. and 760 mm. 
pressure 

1 m. =al653163-5 red waves from wliicli 64384722 A. 
,, « 1900249-7 green ,, „ ,, „ =0086-8240 A. 

„ =2083372-1 tine „ „ „ ,,=4799-0107 A. 

An absolute accuracy of 1 part in 2,000,000 
was claimed, while the relative accuracy might 
be 1 in 20,000,000. 

An independent measurement of the wave- 
length of cadmium red radiation, in terms of 
the metre, was made in 1907 by Messrs. 
Benoit, Fabry, and Perot ( 1 5). Compared with 
Michelson’ s, their apparatus was simplified 
and arranged so as to reduce the dangers from 



Fig. 6. 


moved back to coincidence with the second 
surface of B, during which shift the number 
(jf circular hinges was counted as they flowed 
out from the centre of the interference figure. 

The next operation was to compare twice 
the length of this standard B with the next 
longer one A. These were first adjusted so 
that their front lower mirrors were the same 
opticjal distance from E as 0. Using white 


temperature changes in the standards by 
shortening the time necessary to perform the 
experiment. Five standards were made by 
separating half-silvered glass plates at distaiict^s 
of 6*25, 12-5, 25, 50, and 100 cm., and these 
were so placed that the comparisons could bo 
made without moving any of them. The 
arrangement is showm diagrammatically in 
Fig. 6. As in Michelson’s method, the 
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difference in between one standard and 

the double of the previous one had 

to be measurod accurately. To compare A 
with B, for white light coming from 

S was refleo'fc^ci by mirrors 1 and 2, passed 
through A mirror 5 being moved out of 

the way. Tl^is light was reflected by mirror 3 
through a conxi>eiisating wedge of air between 


recommendations for the final establishment 
of a system of satisfactory light wave stan- 
dards. The absolute value of the red radiation 
of cadmium as redetermined by Benoit, Fabry, 
and Perot was chosen as a primary or funda- 
mental spectroscopic standard. It was further 
recommended that secondary standards be 
determined at intervals of about 50 A through- 



two silvered plates P and into a micro- 

scope L. If -A. was very nearly 2B, a ray of 
light travcrwixii^ A and twice reflected in B 
covered a pabl\ X'l early equal to that of another 
ray crossing -A bwice and passing through B. 
Interference Ixo^nda resulted, and from the 
position of blio central fringe on the wedge 
compensator blio difference between A and 
2B was acctirix-fcoly determined in wave-lengths. 
iSimilarly, tho oblior standards were compared, 
and finally tho 0-25 cm. standard was measured 
in wave-lengblxa of the 
cadmium rod radia- 
tion, Tho number 
of these wii.voh in 1 
metro W'as foxind to 
bo 1,553,104-13, or 
X-::^fl438-4(J9(i A. in dry 
air at 15° CL ixikI 700 
mm. jirosHU i‘o. Tho 
probable orroi.* -vvaB one 
part in 10,000,000; 
this absolut.o dotcr- 
mination c> -f wave- 
length liavhijjc tdic'Hanio 
ac'cnracy an it* ih pos- 
sible to obtsviii in tho 
comparison of two 
metres barH, Their 

value (lifft^i'H from 
Michelson’s I >y*- 1 part 

in 2,5()0,00( >, l>c*<*auHC it n'fcrs to clry air. 
An approx i reduction of Michelson’s 

value to nir gives \ b43S*47()() A, 

which eheelvM lal(‘r vnhu^ to I part in 

10,000, (KK). ''1^1 original memoii’s should be 

referred to for furfluT details eoneerning 

these beautiful I experiments, whicdi establish 
with cxtrenio i>r<toi8ion a wave-l<*ngth of light 
as a unit of Utn^th probably more invariable, r<^- 
produeible, tx,n<i important than any other unit. 

In 1907 International Union for Co- 

operation irx Sular Research made certain 


out the spectrum of tho iron arc by comparison 
with tho primary standard, using tho inter- 
feromotor moth<Kl as devised by Eabry and 
Perot (10). This method is as follows : The red 
light from a cadmium lamp and the Hght from 
an iron arc arc sent simultaneously through 
a Fabry and Perot interferometer, I, and the 
circular fringes thus formed are focussed with 
their centre on tho slit S of a spectroscope, 
7. The ])ri8m (or grating) separates the 
numerous spectral linos and permits, at P, 
an independent deter- 
mination of tho dia- 
meters of tho circular 
fringe system produced 
by each line or radia- 
tion. Tho order of 
intcrferonco at the 
c.ontrc of a system of 
rings is determined for 
thi^ two radiations 
whoso wave - lengths 
aro to be (tomjiarod. 
Lot \ be tho wavo- 
Umgth of tho cadmium 
nul ray, and lot P bo 
tho order of intt^rfor- 
onoo pnKliKung tho first 
ring from tho oontro. 
Tho order at tho centre 
is then - ,P p't whore 
p' is tho frae.tional ordtT, lying between zero 
and 1, to bo determined from tho diameter of 
the ring P. 'rho whole number P is readily 
found from the distanee between tho plates. 
'Phis r(‘HultH from trying various values f)f this 
distance with three or four wave-lengths until 
ilu^ compute<l fractional order of each agrees 
with its measured value (17). The order of 
interference at tho centre (t~0) is 
when^ (I is tho distance between tho plates, 
/''if/. 8. In a diroc^tion making an angle ♦ 
with tho normal it is 2e cos cos 
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Now if X is the angular diameter of the 
ring P, 

i=^and P = p cos 


But cos|=l-| 

approximately, so that 
or 




and 


p'=p-p=pr 


Similarly with a radiation of wave-length Xj 
we have 



The thickness of the air layer between the 
plates is assumed to be the same for all radia- 
tions, whence 


X{P+p') = h(Pt+p\) 


or 


X _x (^+P') , 

VT+F7) 



Substituting the above values of p' and p\. 




If d represents the linear diameter of the ring 
and R the focal length of the lens which 
focusses the rings on the sHt of the spectro- 
scope, X = d/R and 


Xi= 


Pi 


fi+J^ 

I, ^8R“ 8RV‘ 


Slight corrections are necessary for the 
dispersion of the atmosphere and refractive 
index of air (18) at temperatures other than 
15° C. and 760 mm., and for the reflection 
phase-change (19), which is a function of the 
wave-length. This method of wave-length 
comparisons can be applied only to waves 
whose lengths are already known accurately 
enough to allow P, the order of interference 
producing the first ring, to be determined 
without ambiguity. For this purpose an 
accuracy of one part in 20,000 or 30,000 . is 
sufficient if the preliminary measurements 
are made with an air-plate thickness not 
exceeding 5 mm. The final accuracy of the 
comparison can be made to reach 1 part in 
5,000,000. 

§ (4) Standards of Wave-length. — That a 
train of waves emitted by a source of homo- 
geneous light furnishes for length measure- 
ments a scale of extraordinary precision and 
constancy is now more or less familiar to 


every one, and the importance of such 
fundamental standards to spectroscopy, 
metrology, and precision optics generally is 
fully appreciated. For practical use very 
narrow (homogeneous) spectral lines must 
be used, and their wave-lengths should be 
oarefuUy defined with respect to the conditions 
producing or influencing them. Several suc- 
cessive attempts have been made to define 
such a system of Standard Wave-lengths, each 
aiming at higher precision by making use of 
more refined methods of measurement or of 
more satisfactory light sources. The- Solar 
Spectrum Standards first determined by 
Angstrom in 1868, improved and extended 
by Rowland in 1888, have already been 
mentioned. The absolute measurements made 
by Michelson in 1893 on cadmium lines in 
terms of the standard metre at Paris showed 
that Rowland’s wave-lengths were too large 
by 1/30,000, but spectroscopists paid little 
attention to this fact since there was still 
no reason to doubt the correctness in relative 
value of Rowland’s numbers. In 1901, Fabry 
and Perot measured about 30 lines in the 
solar spectrum between 4643 and 6471 A by 
means of their interferometer, and their work 
revealed the fact that systematic errors 
existed in Rowland’s Table, making the errors 
in relative magnitudes nearly 1 part in 
100,000. The probable sources of those 
errors are discussed under the theory and 
use of diffraction gratings for wave-length 
measurements. 

The question of standard wave-lengths was 
discussed at the. first meeting of the Inter- 
national Union for Co-operation in Solar 
Research (21), and the necessity for establishing 
a new system of standard wave-lengths from 
artificial sources was agreed upon. At the 
second meeting of this Union in 1905, the 
following decisions (22) were reached : (1) The 
wave-length of a properly chosen radiath)n 
shall be taken as a primary standard of wave- 
lengths. The number which represents this 
wave-length shall be fixed one time for all ; 
it shall define the unit of wave-length, which 
mu.st differ as little as possible from 10"*^ 
metre, and shall be cafled Angstrom. (2) There 
is reason to choose secondary standards 
separated by not more than 50 Angstroms. 
These secondary standards shall >)e referred 
to the primary standard by a method of 
interference. The luminous source shall be 
an electric arc of 6 to 10 amperes. 

In 1907 a report of the measurement ])y 
Benoit, Fabry, and Perot (22) of the W{iv(‘- 
! length of the red radiation from cadmium was 
presented at the third meeting of the Inter- 
national Union, and the following resolution 
was adopted (lor. cit p. 20) : “ Tho wave- 
length of the red ray of light from cadmium, 
produced by a tube with electrodes, is 
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6438*4690 Angstrom in dry air at 15° C. on 
the hydrogen thermometer, at a pressure of 
700 mm. of mercury, the value of g being 
980-07 (45°). This number will be the defini- 
tion of the unit of wave-length.” 

The first determinations of secondary 
standards were reported in 1907 by Fabry 
and Buisson (Zoc. cit. p. 138), who measured 
the wave-lengths of 115 lines in the iron arc 
from 2373 to 6494 A by their interferometer 
method. Similar measurements were made by 
Eversheim (24) and by Pf und (25), and the mean 
values of the three independent determinations 
were adopted as secondary standards by the 
International Union in 1910, comprising 54 
lines between 4282 and 0494 A. 

The agreement between interferometer 
measurements of these wave-lengths is re- 
markably good (-002 or *003 A), and there is 
reason to believe that the accepted secondary 
standards have a precision of 0-001 A, Le. 
they are correct and reproducible to part 1 in 
several millions. This is the extreme limit 
which it is possible to obtain, since the most 
homogonobus linos of iron have a width of 
about 0-060 A, and a precision of 0-001 A 
corresponds therefore to 1/60 of the width of 
the line. Some of the differences between 
values of different observers can probably be 
accounted for by different arc conditions 
employed in different laboratories, and special 
investigations on the effect of arc conditions 
show that the wave-lengths of certain iron 
lines which are sensitive to pressure are also 
affected by current strength, length of arc, 
and portion of arc used. Recognition of these 
influences led, in 1913, to the adoption of more 
precise specifications of the iron arc in air as 
a source of international standards (26) as fol- 
lows : — (1) Length of arc 6 mm. (2) Current of 
6 amperes for wave-lengths greater than 4000 A, 
and 4 amperes or less for wave-lengths less 
than 4000 A. (3) Use direct current with 
positive pole above the negative and a potential 
of 220 volts ; iron rods of 7 mm. diameter. 
(4) As a source of light use an axial part of 
about 2 mm. in the middle of the arc. (5) 
Use only iron lines of groups a, b, c, d (Mt. 
Wilson Classification). 

It was also proposed, in 1910, that “the 
measurement of standards of the second order 
shall bo extended to shorter and longer wave- 
lengths, and the arithmetical mean of three 
independent determinations shall be adopted 
as secondary standards.” In the past ten 
years very Uttlo progress has been made in 
extending this system of secondary standards. 
The most extensive measurements were made 
by Burns, who compared directly with the 
cadmium primary standard the wave- 
lengths of 125 iron lines (27) from 5434 to 
8824 A and 100 lines (28) from 2851 to 
3701 A. 


The wave-lengths which have been adopted 
as International Secondary Standards are 
collected in the following table : 


International Secondary Standards. 


3370-789 

4376-934 

6406-780 

3399 -337 

4427-314 

6434-627 

3446-154 

4466-666 

6465-614 

3485-345 

4494-672 

6497-622 

3613-821 

4631-166 

6506-784 

3556 -881 

4647-863 

5669-633 

3606-682 

4592-658 

6686-772 

3640-392 

4602-947 

6616-661 

3676-313 

4647-439 

6668 -836 

3677-629 

4691-417 

6709-396 

3724-380 

4707-288 

6763-013 

3763-616 

4736-786 

6867-769 Ni 

3806-346 

4789-667 

6892-882 

3843-261 

4869-768 

6027-069 

3860-820 

4878-226 

6066-492 

3865-627 

4903-326 

6137-701 

3906-482 

4919-007 

6191-668 

3907-937 

4966-104 

6230-734 

3936-818 

6001-881 

6266-146 

3977-746 

6012-073 

6318-028 

4021-872 

6049 827 

6336-341 

4076-642 

6083-344 

6393-612 

4118-662 

6110-416 

6430-869 

4134-685 

6167-492 

6494-993 

4147-676 

6192-363 

6646-250 

4191-443 

6232-967 

6692-928 

4233-616 

6266-669 

6678-004 

4282-408 

6302-316 

6760-163 

4316-089 

5324-196 

, . 

4362-741 

6371-496 

•• 

In addition to 

the above determinations of 


secondary standards, many other measure- 
ments of wave-lengths in the iron arc spectnim 
have been made, some with interferometers 
and others with diffraction gratings, partly to 
set up a system of tertiaiy standards and 
partly to investigate further the effect of the 
operating conditions of the arc upon its wave- 
lengths. Among such investigations the most 
important in some respects appears to be that 
of the so-callod “ pole effect ” on arc lines. 
This has been studied in some detail at the 
Mt. Wilson Observatory (29), where it is found 
that certain iron lines whicli are also sensitive 
to pressure give wave-lengths in the centre 
of the arc slightly different from those near 
the negative pole (one or two millionths), and 
also that this effect is somewhat reduced 
when, instead of using two iron electrodes, 
a carbon electrode and an iron one are 
used (30). 

Corrections to wave-lengths measured in air 
also deserve mention in connection with the 
exact measurements. The Rowland system 
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of standards was defined in air at 20° C. and 
760 mm. of mercury, and correction tables 
to reduce such wave-lengths or oscillation 
frequencies to vacuum values are given in 
Kayser’s Ilandbuch, ii. 514. Since the new 
International System specifying wave-lengths 
at 15° C. has come into general use, there has 
been no uniformity in such corrections. Tb e re- 
sulting confusion has been pointed out by Birge 
(31), who recommends that the recent work 
of the Bureau of Standards (18) on the index of 
refraction of air for wave-lengths from 2218 
to 9000 A be referred to for these corrections 
in all future work. International adoption 
and use of the new tables will exclude all 
further possibility of ambiguity or question 
about the conversion of wave-lengths to stan- 
dard air conditions or to vacuum when such 
wave-lengths are not actually observed under 
these conditions. 

International co-operation ceased during 
the war, but a new International Astronomical 
Union, representing several of the allied 
countries, was organised in Brussels in July 
1919. A now committee on Standard Wave- 
lengths and Solar Spectrum Tables was 
appointed, and this committee will, no doubt, 
consider the possibilities of still further im- 
proving the precision of standards and methods 
of measuring wave-lengths. 

§ (5) Wavb-lkngth Measurements with 
Prism Spectrographs. --Diffraction gratings 
and interferometers are very wasteful of light, 
so that the prism spectrograph must be 
employed for spectral analysis of faint sources 
such as the stars, planets, low voltage arcs, 
etc. Wave-longth measurements with prism 
spectrographs are generally obtained by 
methods of interpolation after the positions 
of the unlcnown lines are measured relative 
to the positions of certain well-known linos 
whose wave-lengths have already been 
accurately determined. Either graphical 
interpolation or an interpolation formula may 
be used. The graphical method requires 
drawing the dispersion curve of the spectro- 
scope, i.e. the curve showing the relation 
between wave - length and corresponding 
deviation. This curve is obtained by measur- 
ing the deviations of well-known lines in 
different parts of the spectrum and then 
plotting these numbers against the wave- 
lengths on cross - ruled paper. A smooth 
curve traced through these points is the 
calibration curve of the instrument. To 
determine the wave-length of an unknown 
line it is only necessary to measure its devia- 
tion, after which the wave-length can bo read 
directly from the curve. 

Hartmann’s interpolation formula is in 
common use, and very satisfactory^ for the 
purpose of determining wave-lengths of lines 
in prismatic spectra. It states the relation t 


between wave-length X and refractive index 
II as follows ; 

X = Xa -}- ^ T » 

where Xq, c, and a are constants. For 
relatively short ranges of wave-length, a, which 
has a value of about 1*2, may be placed equal 
to unity, and fx may be replaced by the linear 
distance n between lines along the focal curve. 
Then 


Hartmann pointed out that Xq is a constant 
for any particular spectroscope and may bo 
determined once for all, while represents 
some definite point on the linear scale. The 
known wave-lengths X^, Xg, and X3 and corre- 
sponding scale readings Wj, and for three 
lines are sufficient to calculate the three 
constants Xy, c and Uq, as follows ; 


^ 0““^3 + 


S(ti3 - Tijs) - -n-a)’ 


C=(Xo» X3)(7?-o-W3b 


„ _ (Xq — X3)(71.3 - Wa) + X2^W'2 
^0 sy? * 

where 

K=\-hu Xs'=Xj-Xs, and 


The accuracy obtainable in wave - length 
measurements from prism s])ectrograms de- 
pends principally on the dispersion, and 
under the best conditions the limit is about 
0*01 A. Spectroscopic work with prisms is, 
of course, limited to the range of wave-lengths 
for wliich transparent prism materials are 
available. The lower limit is set by fluorite, 
which transmits to 1200 A, and sylvino marks 
the upper limit at about 23 /x or 230000 A. 

§ (6) Wave-length Measurements in the 
Schumann Region. — The most precise deter- 
minations of light waves exist for the range 
from about 2000 to 9000 A, that is, in the 
region of the spectrum which is most easily 
photographed. It is very difficult to work 
with shorter weaves because of the strong 
absorption of their energy by the air and by 
the gelatine of the photographic emulsions. 
Schumann (32) first overcame these difficulties 
with a vacuum spectrograph, fluorite prism, 
and special photographic i)lates. Conse- 
quently, these short waves are commonly 
called Schumann waves. 

The first successful attempt at accuracy in 
length measurements of Schumann waves was 
made by Lyman (33). The wave-lengths of the 
hydrogen lines in this Schumann region were 
measured to serve as standards. The method 
used is briefly as follows : 
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Two illuminated slits 8 and S', placed on a 
circle whose diameter is the grating's radius 
of curvature, will give images at I and I', 
and spectra corresponding to each {Fig. 9), 
The two first-order spectra will be shifted with 
respect to each other by an amount de^jending 
on the distance between the slits. At a given 
point on a photographic plate between I and 
I' the light brought to a focus from S will be 
of shorter wave-length than that from S'. 
The amount of this shift was determined by 
comparing known lines of the aluminium and 
iron spectra at one end of the plate. Then 
the longer wave portion of the iron spectrum 
(3100 to 2400 A) was su])erposed on the shorter 
wave portion (1900 to 1200 A) of the hydrogen 
spectrum and the wave-lengths in the former 
reduced by the shift. The accuracy in this 
region does not surpass 0*2 or 0*3 A. 

The shortest waves observed by Schumann 
himself were about 1200 A. Lyman extended 
the spectrum down to about 
000 A, and has collected 
the important tables of 
wave - lengths and other 
optical data relating to the 
Schumann region in a mono- 
graph entitled Spectroscopy 
of the Extreme Ultra-violet. 

Very recently Millikan has 
pushed the wave - length 
limit an octave lower, so 
that a gap of less than five 
octaves remains between 

the shortest ultra - violet 
waves and the longest X 
waves thus far observed. 

ij (7) Wave-length Measttebments in the 
Infra -HBT). — B eyond the photographic limit, 
investigation of the infra-red spectrum by 
means of the heating ofFoct of the rays has 
been carried on with the aid, chiefly, of ther- 
mopile, radiometer, radio -micrometer, and 
bolometer. The thermopile consists of a 

numbcir of junctions of dissimilar metals, 
e.ff. bismuth and antimony, iron and Con- 
stantin. Jf radiation falls on alternate 

junctions a galvanometer in the circuit will 
give a deflection proportional to the heating 
oiT(‘(^t. 

U’ho radiometer is a modification of the 
instrument devised by (kookes in which mica 
vanes, accurately mounted on a central spindle 
in vacuoy rotate when placed in the path of 
radiant energy. The radio - micrometer ^ in- 
vented by Boys and d’Arsonval simultaneously 
is a 'typo of galvanometer. A single thermo- 
couple is suspended by a quartz fibre with the 
plane of the couple in the lino joining the 
polos of a magnet. When radiation falls on 
a junction the current generated causes the 

* So(‘ “ lladio-nilcrom(‘ter and other Iiiatrumonts/' 
Vol. 111. 


couple to turn in the magnetic field. In 1881 
Langley (34) announced his actinic balance or 
bolometer, which measures the temperature 
of a very fine strip of metal in terms of the 
change of electrical resistance. Two similar 
strips are placed in two of the arms of a 
Wheatstone bridge. When radiation falls on 
one of them the resistance changes and causes 
a deflection of the galvanometer. 

In connection with this method of spectrum 
investigation the name of Langley (35) became 
famous. His bolometer was an exceedingly 
great advance upon any of the apparatus 
which had previously been constructed. With 
a bolometer strip 0*5 mm. broad and *002 mm. 
thick ho reached a sensitiveness of 30-®° 0. 
With such instruments he investigated the heat 
spectrum of the sun and the absorption of 
the earth’s atmosphere. In his final work on 
the solar spectrum Langley used a fixed-arm 
type of spectrometer, with lenses and prisms 
of rocksalt, and the spec- 
trum was made to pass 
over the bolometer strip by 
rotating the prism. The 
galvanometer readings were 
recorded on photographic- 
ally sensitive paper whose 
motion was co - ordinated 
with that of the prism. 
From the known dispersion 
of the prism the wave- 
length of any spectrum 
lino shown upon the record 
could bo found, and also, 
from the length of the 
galvanometer throw, its 
intensity estimated. Langley thus mapped 
the solar spectrum as far as 5*5 g, and 
observed 700 lines between A (-7004 y) and 
this limit. 

For more than a decade Langley was prac- 
tically the only w’orkor in this field. In 1892 
Rubens (3fl) began to measure the dispersion of 
various Hubstancos f('r long wave-lengths. 
With a bolometer ho measured the dispersion 
of crown and flint glasses, water, and various 
liquid hydrocarbons to 3 ft, and of quartz, 
rocksalt, and fluorite to 3*5 y. Later ho 
extended the work on fluorite to 0-48 y. 

In 1894 J^ischen (37) went out to 9*3 y by 
using a fluorite prism, and Rubens (38) and 
Trowbridge in 18i)7 pressed forward to 23 y 
by using prisms of rocksalt and sylvino. The 
continuous spectrum was thus extended to 
thirty-nin(‘ times the wave-length of sodium 
yellow, or live octaves into the infra-red. A 
further extension in this manner seemed impos- 
sible, because no substances were known which 
wore more transparent tlian sylvino to the 
long v'aves. The oxtrome limit of prism 

* S(‘(‘ ** JtiuUiint Heat, Inatrumonts for the Measure- 
ment of,‘’ g (18). 
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transmission is fixed by sylvine at 23 fj.. With 
rocksalt and fiuorite the limits are already 
reached at 15 /x and 9 ii respectively. It is 
an interesting fact that the absorption which 
makes it impracticable to use these substances 
further as prism material furnished the key 
to stiU greater penetration into the infra-red 
region. 

The presence of these absorption bands is 
attributed to a resonance phenomenon which 



causes a large part of the incident radiation 
to be re-emitted, so that the particular sub- 
stance shows metallic (i.e. high) reflection at 
these points. This fact is the basis of the 
method of isolating long waves which was 
worked out by Rubens (39) and Nichols in 1899. 
If the radiation of a source falls upon a plate 
of rocksalt, for example, all wave-lengths are 
transmitted except in absorption regions ; 
the wave-lengths corresponding to the maxi- 
mum absolution are almost wholly reflected. 
The diagram (Fig. 10) of Rubens’ apparatus 
shows light from an incan- 
descent Welsbach burner 
A passing through a wire 
grating G and under- 
going several successive 
reflections before being 
focussed on thermopile 
T. The final radiations 
thus obtained by suc- 
cessive reflections from 
a substance were called 
“ Reststrahlen ” or residual rays, and possess 
the greatest energy for almost the same wave- 
lengths as the maxima of the absorption bands 
for the substance. For example, the absorption 
bands computed by means of the Ketteler- 
Helmholtz dispersion formula are at 35 (j, for 
fluorite, 56 /a for rocksalt, and 67 for sylvine. 
Rubens and Nichols found experimentally 
for fluorite 24 fi and 34 /x, for rocksalt 52 
and for sylvine 63*4 fi : very good agreement 
if one considers that the dispersion formula 
requires the reflection maximum at somewhat 
shorter wave-length than the absorption. It 
was suspected that* for other substances, 
especially those with larger molecular weight. 


still longer waves could be found. This was 
confirmed by Rubens, and is shown in the 
following table : 


Substance. 

Moan A of 
RcBtstrahlon. 

Molecular 

Woii^ht. 

Rocksalt (NaCl) . 

52-0 fx 

58*5 

Sylvine (KQ) . . . - 

63*4 

74 •« 

Silver chloride (AgCl) 

81*5 

14;>,*4 

Potassium bromide (KBr) 

82*6 

110*0 

Thallium chloride (T1C31) 

91*6 

23i)-5 

Potassium iodide (KT) . 

94*1 

l(i«*0 

Silver bromide (AgBr) . 

112*7 

188*0 

Thallium bromide (I'lBr) 

117*0 

284*0 

Thallium iodide (TIT) 

151*8 

331*0 


The infra-red spectrum was thus pusluHl to 
nearly 8 octaves above the visible. Rccauso 
of the limited energy of sources, further 
extension to longer waves by the Rc^ststrahloii 
method is difficult in spite of the rofinoment 
of modem apparatus. 

A still further improvement in the inothod 
of isolating very long waves was made by 
Rubens (40) and Wood in 1911. The method is 
based on the selective refraction and select] vo 
absorption of quartz. Quartz has an absorp- 
tion band beginning at 4*5 jx which reaches 
far out into the infra-red, but for wave-longtrhs 
longer than 70 ix it becomes transparent. 

At the same time, in oonsoquonco of its 
anomalous dispersion, quartz has a very larger 
index of refraction for 70 yu ; at (>3 ii 2- 11) 
and approaches 2*14 with longer wave-hui^ths. 
For visible and short heat waves its indt'-x of 
refraction ranges from 1*43 to 1*55. A ({iiart?: 
lens, therefore, has a much shorter focal 


Fig. 11. 

length for extremely long waves than for tho 
shorter ones. This principle was uK<'d hy 
Rubens and Wood in their ap))aratUH, Fhj, 1 1, 
in which tho long waves are s(‘lected from th(* 
source S by moans of tho ({uartz leUH<'s L, and 
Lg and opaque screciiH I) which Hto(» nhort 
waves. The long waves pass tIiroug:h an 
interferometer I and are fiKsusstsl on a thermo- 
pile T. The great advantage (»f this iiKdhtKl 
of focal isolation is that large angular ape^rt 
can be used and tho radiation is w<‘ak(uu*d only 
by reflection and abRori)tic)n by the two rjtinrtV; 
lenses. Its only disadvantage is that all the 
radiations for which 7i ai)i>roximateH 2-14 pium 
through. Tho wave lengths are determined 
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Table op Wave-lengths 


Waves. 

Octave 

No. 

Frequency 

X 10 ^*. 

Wave- 
length A ja. 

Uemorks. 

Unknown ./ 

-18 

1 , 000,000 

0-000003 


i 

-17 

491,620 

0-000000 


/ 

-10 

245,700 

0-000012 

--000007/^. Rutherford, 1914. 7 from radium B 


-15 

122,880 

0-000024 



-14 

0,1440 

0-000048 

— *0000292 X^ from Neodymium 

7 

and’ 

-13 

30,720 

0-000098 

— -0000500 Xj^ from silver. Moseley, 1914 

X 

-12 

15,300 

0-000195 

— *0001366 7 from radium B. Rutherford, 1914 


-11 

7,080 

0-00039 



-10 

3,840 

0-00078 


/ 

- 9 

1,920 

0-00166 

- *0008364 /X. Xa from aluminium. Moseley, 1914 

- *0012346 fu X^ from zinc. Friman, 1910 


- 8 

9C0‘0 

0-0031 


Unknown 

- 7 

480-0 

0-000 



- 0 

240-0 

0-012 



- 6 

120-0 

0-025 


( 

- 4 

00-0 

0-06 

- -036 fJt,. Millikan, 1920 

Sohumann.. 

- 3 

30-0 

0-1 

— *00 fM, Lyman, 1914 


— 2 

15-0 

0-2 

- -12 /U. Lower limit of fluorite transparency. 

Schumann. 1893 

— -18 /X. Lower limit of air transparency, and of 

quartz, rock-salt, and photographic gelatine 

( 

Ulim-violct, j 
1 

- 1 

7-50 

0-4 

- *35 ytx. Lower limit of glass transparency 
-4 /X. Visible limit in violet 

Visible, .i 

0 

3-75 

0-8 

~ -64384 OOi) fjL. Fundamenial standard wave -length 
-8 /X. Visible limit in red 


+ 1 

1-875 

1-6 

- 1 Upper limit of photography 

Infra-red 

+ 2 

0-940 

3-2 

“ 3 /X. Upp<T limit of glass transparency 


+ 3 

0-470 

6-4 

-6-3^. Langley, 1880 
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TiBLB OF WArE-3UEirQTii3 {contimud) 



Waves. 

Octave 

No. 

s Preauency 

X 10“. 

Wave- 
length \ ii. 

ItcinarkH. 1 



( 

+ 4 

0-236 

12-8 

— OjuL. Upper limit of fhiorik^ tranHpnr(^iu?y 



4- 5 

0-118 

25-6 

-16 /i. Upper limit of roek-Halt transpnnvioy 
-23/4. Upper limit of nylvine trnnHpnr^Mioy * 



+ 6 

0-059 

61-2 



Infra-red 

icoTainmd) 

+ 7 

0-029 

102-4 

-52/tNaCJl ^ 

-03 /M KOI 

-82/AlCBr 1 RowtHtrnhlon. Jtul)enB ami oo* 
-113/6 AgUr 1 -workorH, 1897*1914 



-H 8 

O-OU 

204-8 

-162 /t Til j 



4- 9 

0-007 

409-0 

- 218 /t f focal iHoUiticn of Hg am 

-342 u'l «niis«ion bands, llubona arid von 

^ [ Taoyor, 1911 


Unlniown . J 

4-10 

0-0036 

819-2 



1 

+ 11 

0-0018 

1638-4 




+ 12 

0-0009 

3276-8 

— 2000 fi. 0. von Bacyor, 191 1 



+ 13 

0-00045 

6663-0 

-4000 /6. bain))a, JS!)7 
-6000 /6. Lobcdow, 181)5 



+ 14 

0-00022 

13107-2 

! 



+ 16 

0-00011 

26214-4 

i 



+ 16 

0-00005 1 

52428-8 

1 



+ 17 

0-00003 

104867-0 

i 

— 100000 /M, Iti/rJii, 1893 i 



4 18 

0-000015 

209,715 

! 

! 

j 


Electric . _ 

+ 19 

0-000007 

419,430 

1 



+ 20 

0-000003 

838,860 

-r, (10,000 fi. Ilorte. I88H } 



+ 21 

0-0000016 

1,677,720 

1 



+ 22 

0-0000008 

3,355,440 

i 

! 


+ 23 

0-0000004 

0,710,880 

i 

1 



4-24. 

0-0000002 

13,421,760 

t 

1 



+25 

0-0000001 

26,843,620 




+26 

0-00000006 

53,687,040 

-Ransf. of wavo-lciiKtlia ubmI in ra.tiu ,...m 
mimical ion in 11120. fill m. to WVKHi i,,. 



4 27 

0-000000025 

107,374,080 

rmn((CKl.cl(sitriciviivi'M)rcm.rnl<.<lii|»iut 
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from “ visibility ” curves obtained by plotting 
increasing separation of the interferometer 
plates as abscissae and corresponding energy 
readings as ordinates. In this way it was 
found that the radiation from a Welsbach 
incandescent mantle contains waves over 
150 jj, long, the maximum radiation being 
about 100 /A. Rubens (41) and von Baeyer in 
1911 investigated by this method the long 
waves from a quartz mercury lamp and found 
an emission region between 200 and 400 fx 
with maxima at 218 yit and 342 jx. Here is a 
light wave 1/3 mm. in length, or over 600 
times the length of the yellow sodium ray. 
This is the longest wave isolated to date, 
and is only 2i octaves from the shortest 
electric waves (X = 2 mm.) obtained by 0. von 
Baeyer. The rapid progress in the knowledge 
of the region between the visible spectrum 
and electric waves in the last 30 years justifies 
the hope that the remaining gap will soon be 
filled up. An effort in this direction was made 
in 1914 by Rubens (42), and Schwarzsohild, who 
tried to find solar radiation between 400 and 
600 fi by the quartz lens method. Calculation 
predicted that radiation could be measured if 
the sun were assumed a black body at 6000° 0. 
and if the atmosphere were transparent. 
However, not a trace of deflection could be 
observed. The explanation is probably that 
the water- vapour in the earth’s atmosphere, 
whose absorption spectrum is complex and 
full of bands below 400 /a, also possesses strong 
absorption for still longer waves. 

Standards of wave-length in the infra-red 
part of the spectrum have been determined 
with considerable accuracy by Paschon (43) and 
by Randall (44), using thormo})ilos with which 
to explore the normal spectrum of concave 
gratings. Their investigations cover the arc 
spectra of a large number of the chemical 
olemonts. The measurements extend to wave- 
lengths of 30 to 40 fx, and arc probably not 
more than a few tenths of an Angstrinu in 
error. 

4} (H) Table of Wave -T iEN<}Tn.s. — The 
charts on ])ageH 893-894 show the entires range 
of wave-lengths of clcctromagnethi waves 
which ani within the domain of Hcientilio 
investigation al the i)reHent time. 
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Wavk-lenotiis of Lioiit, iimt determinations 
of, corresponding to the different colours, 
made by Thomas Young. See “ Wavo- 
longths, The Mc^asununent of,” § (1). 
Table of. See ibid, (S). 

Wave Sureaoe, Fukhnel’s : the surface over 
which the energy emitted at a given instant 
from a point sourec^ in a biaxial crystal is 
distributed aft(w any given interval of 
time ; it is the envelope of the series of 
planes obtained by drawing, at any time, 
the wave-fronts. See ** Light, Double 
R<ffract.ion of”; also “Polarised bight 
and its Apidieations,” §§ (6) and (22). 

Weber Illumination Photometer, Soo 
” Photometry and Illumination,” § (58). 

Whitman Photometer*, a form of flicker 
ph<»tom(d.(T. S(‘e “ Photometry and Illu- 
mination,” § (96). 

Wien’8 Dihflaokment Law. See “Radia- 
tion Tlu'ory,” § (5), 

Wild Photometer. See “ Photometry and 
Illumination,” § (99); also (spootrophoto- 
m(d,er) “ Spo<!trophotometry,” § (12). 

Wibd’s Polakimetee. See “ Polarimetry,” 

§ («). 
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WINDOW EFFICIENCY— ZSIGMONDY’S ULTRAMICROSCOPE 


Window Efficiency, synonymous with 
daylight factor. See “ Photometry and 
Illumination,” §§ (74) and (75). 

Wollaston’s Peism for Production of 
Double Images. See “ Polaiised Light 
and its Applications,” § (12). 


Woolhousb’s Cycle of Nineteen : a 
particular musical temperament in which 
the octave is divided into 19 steps, 
3 being allotted to each tone and 2 to 
each ^atonic semitone. See “ Sound,” 

§ (6) (iii.)- 


X 


X-RAY Bulb, efficiency of. See “ Radiology,” 
§ (25). 

Made of metal. See ibid, § (15). 

X-RAY Crystal Analysis and Atomic 
Structure. See “ Crystallography,” § (19). 

X-RAY Crystallography. By “ reflecting ” 
monochromatic X-rays from the several 
faces of a crystal the arrangement of the 
atoms in the crystal can be found. See 
“ Radiology,” § (32). 

X-RAY Photography of Metals, and of 
Welds. See “ Radiology,” § (33). 

X-ray Protection: a representative com- 
mittee has drawn up a report containing 
recommendations for the protection of those 
working with X-rays and radium. See 
“ Radiology,” § (31). 

X-RAY Spectrometer, developed by Sir W. 
and W. L. Bragg, for the investigation of the 
structure of crystals and the absolute lengths 
of the edges of the space - cells. See 
CrystaUography,” § (16). 


X-RAY Spectrum, produced on splitting up a 
heterogeneous lieam of X-rays by means of 
“ reflection ” at a crystal face. See “ Radio- 
logy,” § (17). 

X-RAY Tubes at National Physical Laboratory. 
See “ Radiology,” § (28). 

X-RAYS, the detection of. See “ Radiology,” 

§(7). 

The discovery of. See ibid. § (0). 

The nature of. See ibid, § (1). 

X-rays and Aircraft. See “Radiology,” 
§ (33). 

X-RAYS AND Materials. See “Radiology,” 
§ (30). 

X-RAYS AND Medicine. See “Radiology,” 
§ (29). 

X-RAYS AND Old Masters. See “ Radiology,” 
§ (34). 

X.-RAYS AND THE War. See “ Radiology,” 
§ (33). 


Y 


Young’s Experiment : the first experimental 
arrangement in which true interference of 
light was observed, described by Young in 
lectures published in 1807. See “ Light, 
Interference of,” § (3). 


Young’s Modulus for Glass. See “ Glass,” 
§ (26) (i.). 

Young’s Theory of Colour Vision : the 
earlier form of the trichromatic theory. 
See “ Eye,” § (11). 


Z 


Zeeman Effect : a phenomenon, observed by 
Zeeman in 1890, occurring when a source 
of light is placed in a ])owerful magnetic 
field. The Hj)octral linos are then ro.solved 
into components, which arc ])olansod in 
certain directions, the simfflest cases being 
theoreticuilly accounted for by Lorontz 
tlu^ory. Sec “ Spoctr()sco])y, Modem,” § (7). 

ZicLSS Range-finder. See “Range-finder, 
Short-baHo,” § (7). 

Zing. Ph'Scuico in glass renders it resistant 
to wat(M’ at^tac!k. See “ Ghiss, Chemical 
Dcconijxwition of,” § (1) (ii.). 

Zing Sulpiiide, mothods of jircparation of, 
witli nidiiun salt, to form a luminous com- 
pound. iSoo “ LuminouH Compounds,” § (3). 


Zonal Candle-power: the average candle- 
power of a light source within a spociliod 
zone. See “ Photometry and Illumina- 
tion,” § (49). 

Zonal Spherical Aberration : an aberration 
of an optical system such that the focal 
length is alternately long and short for 
successive zones of the aperture. See 
“ Microscope, Optics of the,” § (0) ; “ Tele- 
scope,” § (3). 

Zsohimmer’s tost for effects of moist air 
on optical glass. Sec “ Glass, Gh(uni(xil 
Decomposition of,” § (,3) (i.). 

Zsigmondy and Stedentopf’s ULTitAMicuo- 
SCOPE. See “ Ultramicroscopo and its 
Applications,” § (1). 
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